
Leyden Historical Activity
Year Reported Turbine Blown

L&U Fuel Gas

1963
1964
1965 150,000
1966
1967
1968
1969
1970
1971 345,000
1972
1973 122,880
1974 106,043
1975 98,577
1976 19,667
1977 132,568
1978 130,404
1979 130,404
1980 155,530
1981 66,616
1982 131,089
1983
1984 -50,000
1985
1986 58,400
1987
1988 22,000
1989 14987 170
1990 570,000 25072 361
1991 170,000 17380 190
1992 120,000 11282 119
1993 90,000 13777 102
1994 85,000 9025 216
1995 65,000 18021 364
1996 26978 510
1997 29648 661
1998 21104 327
1999 150,000 21081 295
2000 26411 491
2001 21380 102

2002* 22980 349

TOTAL 2,869,178 279126 4,257
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INTER-DEPARTI’ NT MEMO - PUBLIC SERVICE COM!

December 31, 1979

TO_____ Mr. 0. D. Davis, Property Accounting Director

from R. R. Midwinter, Controller ______________

ATTN. ._____________________________________________________________

rur.i Change in Volume of Cushion Gas at Leyden

MY OF COLORADO

DEPARTMENT OR DIVISION '

DEPARTMENT OR DIVISION

Mr. Lynn Wilkinson has advised me that the design of the Leyden 
Underground Gas Storage facility was modified prior to 1979 from 100 
pounds depletion pressure to 60 pounds depletion pressure. Accordingly, 
more gas is now recoverable from the storage facility and the corresponding 
reduction in the volume of Cushion Gas should be recognized.

Per my discussion with Mr. Wilkinson last week, the amount of 
"Cushion Gas" should be reduced from 834,000 MCF to 537,000 MCF. '-n j-,

Please'set up the necessary entries to reflect the reduction in 
Cushion Gas. Also record the salvage value of the reclassified gas as 
an addition to account number 81-164-11, Gas Stored Underground — Current, 
at its value for tax purposes to avoid creating an insignificant book- 
tax difference in the Inventory-Account. (The Cushion Gas is being /v
depreciated for book purposes whereas it is being amortized for tax j ■ t
purposes) ' ~ .

RKM/c
cc: D. D. Brunkhardt

Lynn Wilkinson 
F. W. Beier ' u'

PSC 039504

· FORM 850·ZZ•00S8 INTER-DEPART!'. .\JT MEMO-. PUBLIC SERVICE COM{ \JY OF COLORADO 

DATE __ D_e_c_e_m_b_e_r_3_1_,_1_9_7_9 __ 

ro ___ Mr,..,,.,.~---"'O~.-=D~._.,D~a~v~2~·s~,_P"-=-r~o~p~e~r~t~y---=:A~c~c~o~u~n~t~1~·n~g:2--.::.D=i~r..::e..::c~t~o-=r-----;':;;=';.;c,,s-=--.-.=-:==-=-=~=-c=..,..,...------
OEPARTMENT OR DIVISION 

FRQM _ _.,R'"".,___,R~. _,}~f=i~d..::w-=i~n:c..:t:..::e::.!r:J.__:C,:,.:0:::..:1:!.1 t:::.r::..o:::..1:::.1:::.e:::.r~-------------.=====""'"""""~~~:-:-------'-
oEPARTMENT OR DIVISION 

ATTN._~--------------------------------------

SUBJ. __ .=.Ch=a.::.:n=gc::e:........:=ic::n;:__;V:..:o:..:l::.cu=.:'m:.:.:.e.::._.::.o.::.f--=C..::u.::.s.:.:.h:.::i:.::o.:.:.n:........::G~a:.::s:........::a:.:t::_:L.::.e.:..yL.:::..d.::e.::n ____________________ _ 

Mr. Lynn Wilkinson has advised me that the design of the Leyden 
Underground Gas Storage facility ,;11as modified prior to 1979 from 100 
pounds depletion pressure to 60. pounds depletion pressure. Accordingly, 
more gas is now recoverable from the storage facility and the corresponding 
reduction in the volume of Cushion Gas should be recognized. 

Per my discussion with Mr. Wil~inson last week, the amount of 
"Cushion Gas" should be reduced from 834,000 HCF to 537,000 MCF. 

Please· set up the n~cessary entries to reflect the reduction in 
Cushion Gas. Also record the salvage value of the reclassified gas as 
an addition·to account number 81-164-11, Gas Stored Underground - Current, 
at its value for tax purposes to avoid creating an insignificant book
._tax difference in the Inventor-y .. Account. (The Cushion Gas is being 
·depreciated for book purposes whereas it is being amortized for tax 
purposes) 

RR}l/ c 
cc: D. D. Brunkhardt 

Lynn Wilkinson ,. 
F. W. Beier · b" 
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STUDY OF LEYDEN ACTI.' TY From November 1, 1978 - Octo1^r 31, 1979
------------------------------------------------------ --------------- ■ t
(This period was chosen because it uses the most currently known data)

FACTS: The dead weight shut in pressure for November 1, 1978 was 247.9 psig
(Management Report). The dead weight shut in pressure for October 
31, 1979 was 241.2 psig,(per Ray Engebrit, Supt. Leyden Gas Storage). 
Since the premise of this study is that like pressures equals like 
volumes over any period of time the two known pressure must be ad- • 
justed to a common value by either injecting or withdrawing gas in 
accordance with the cavern pressure-volume curve. (See Corrections 
in Following Table).

MCF 0 14.65 psia

INFORMATION (+) (-)
*■

NET
DATE SOURCE INJECTION WITHDRAWAL ACTIVITY

Adjust Beginning Cavern Pressure- <— ' 77,*93

Pressure From 247.9 . Volume Curve -0- +18,784
To ‘SB psig /6//,r

November 1978 ACTUALS 477,218 409,599 +67,619

December 1978 ACTUALS 677,579 1,193,606 -516,027

January 1979 ACTUALS
t

550,747 669,617 -118,870

February 1979 ACTUALS 893,229 222,492 +670,737

March 1979 ACTUALS 5,512 -0- +5,512

April 1979 ACTUALS 1,635 982,234 -980,599

May 1979 ACTUALS, -0- 351,673 -351,673

June 1979 ACTUALS -0- -0- -0-

July 1979 ACTUALS -0- -0- -0-

August 1979 ACTUALS 610,935 -0- +610,935

September 1979 ACTUALS 698,012 -0- +698,012

October 1979 ACTUALS 69,581 41,642 +27,939

Cavern Pressure- -0-aiipjuiMrUU trial ng
Pressure Peem 241.2 Volume Curve

■f&z&SQ- Psig ' -55,552**

TOTAL 4,081,945 3,870,863 +155,530

L & U = 155,530 MCF @ 14.65 psia = 134, 196 MCF & 12 .37 psia
""77

v.. . J

Total Leyden Volume (Working plus Cushion Gas) = 2,236,175 MCF @ 250 psig 

Total Gas Activity = 4,081,945 + 3,870,863 = 7,952,808 MCF

% L & U (of Total Leyden Volume) = 15-5, 530 = 6. 96%
2,236,175

% L & U (of Total Activity) = 155,530 = 1.95%
7,952,808 -------

(*) NOTE: Net Activity = Injection - Withdrawal

(**) NOTE: Due to increase in Total Volume
(L & U calculated as 211,082 MCF, However, due to Volume 
change, Actual L & U = 155,530 MCF).

PSC 039505
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,MENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

DATE Februarv 2, 1972

TO Mr.. L. W. Brown, Superintendent Gas Enqineerinq

FROM
Roy Elwe 11

' DEPARTMENT OR DIVISION

Gas Enqineerinq
DEPARTMENT OR DIVISION

ATTN.

subj. 1972 Leyden Drawdown

. it was recently recommended and approved that 345 M^CF of storage inventory at 
Leyden be written off. to L & U at the end of 1971. This volume represents the 
accumulated L & U for. the period of January 1 , 1966 through October, 1971.

’ " ylA
Reference to the attached graph and the following data, indicates that the method b4 
of operation at Leyden is a contributing factor to this L & U volume. ^

At the beginning of each summer from 1966 through 1970, the Leyden Mine cavern 
pressure was reduced .to approximately 100 psig and the cavern shut in for several 
months.. The pressure was then raised to approximately 250 psig just prior to the 
heating’.season. At the end of 1970, the L & II.volume was calculated for the period 
of January, 1966 through December,- TD70 to cover the-period since the last L & U 
write-off’in December, 1965. The results of the 1970 calculations indicate that 
236;7 M^CF'was the appropriate volume of-L & U for the period, for a yearly average 
of 47.. 3.4 M^CF.

During’the summer of 1971, the Leyden Mine cavern pressure was left at approximately 
220 psig: In November 1971, the' L & U was calculated again for the period of

•January.,. 1966 through October,- 1971; and it was found that 345.0 m2cf was the 
. appropriate L & U volume. This indicates that during 1971 the L & U volume increased 

• to. 108.3 M^CF, which is more than double the yearly average. It would appear that the 
^ higher cavern pressure maintained during 1971 contributed significantly to the in

creased! &U.

In order.to examine’the economics of drawing down the cavern versus not drawing down 
in 1972i it was assumed that the cavern pressure at Leyden will be 250 psig at the 
end of. the 1971-72 heating season. It will cost $22,100.00 to draw the cavern down 
to 100 psig, based oh withdrawing 1105 M^CF at the current royalty rate of $.02/MCF.

' However, the use of the 1105 M^CF of gas from Leyden in lieu of purchasing it from 
our supplier would delay an expenditure of approximately $255,000.00 for four months 
(based on the. 1971 current cost of commodity gas 0 $.2301/MCF). A four month delay 
of this expenditure at an 8% interest rate would save the Company $6,800.00, making 

. the.true; cost of lowering the cavern pressure $15,300.00.

If the cavern pressure is allowedto remain at approximately 250 psig, the L & U 
volume for 197.2 would be at'least 108.3 M^CF, the same as experienced during 1971.
If-'the cavern pressure .were lowered to approximately 100 psig, the L & U volume is 
expectedto -be approximately 50 M^CF, the 1966 through 1970 average. The respective 
L & U expenditures would be $24,920.00 and $11,505.00 (based on the current cost of 
commodity gas at. $.2301/MCF) or a difference of $13,415.00, which is the true cost 
of leaving the cavern at 250 -psig during the summer.

si
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INTER-\.. . .... {MENT MEMO'-PUBLIC SERVICE COMPANY OF COLORADO 

·- -.;.:1- ,, 

oATE_~F~e=b~r~u=ar~y'--"'2~,'---'--1_97~2~-

To __ ~M~r~-~L~·:.........:..W~·-=-Br~o~w~n~,-=-Su~p~e~r~i~n~te~n~d=e~n=t_· ________ --:G~a~s'=='=E7.n~g1~·n7e~e~r~i~n=g------
0E.PARTM£NT OR DIVISION 

FRoM __ R_o~y_E_l_w_e_l_l __________________ ~G~a~s=E=n~g1~·n=e~e~r=i=n~g _____ _ 
DEPARTMENT OR DIVISION 

ATTN. ____________________________________ _ 

susJ. _________ 1_97_2_L_e...._y_de_n_D_r_·a_wd_o_w_n ___________________ _ 

. . 06 
it w·as receh!lY recommended and appr.oved that 345 M2CF. of storage inventory at .,,i-1s ~ l,~ 

Leyd~ri:• be wr1 tt~n off. to L .& U at ,the end of 1971. This volume represents the ~-o~<; rJP ~ 
accumulated L & U .for.- the period of January l, 1966 through October, 1971. S bo 

. . ~ 

Reference to the attached graph· and the following data. indicates that the method 
of o~er~ti~n ~t Leyden -is a contributing factor to this L & U volume. 

' ·:. . 
At. the begi nni.ng of each summer from 1966 through 1970, the Leyden Mine cavern 
pressure, was reduced. to approximate·ly l 00 psi g and the cavern shut in for several 
months._ .Jhe·pressure·.was then raised to approximately 250 psig just prior .to the 
heat,i_rig,:_season. At the end of-1970, the L & LI.volume was calculated for the period 
of Janu.ary,. ·1966 ·through December; ·,-970 to cover the- period since the last L & U 
wri_,te:..off'i~ .. oeceniber, ·1965. The -result_s of the 1970 calculations indicate that 
.236;·7 M CF2was _the appropriate .volume of -L & U for the· period, for a yearly average 
of .47--"34 M. CF. 

• ' I'. - ,-·: • 

During.-·the··sumner ·of -1971, the Leyden Mine ·cavern pr~ssure was left at approximately 
220 .psJg; ~ In November; 1971., the· L &· U was calculated again for the period of 

·Janua'ry.,.1'966 through October; 197l; and it was found that 345.0 M2CF was the 
appro_pr.-fate L & U volume. This indicates that during 1971 the L & U volume increased 
t~ 108.3 M2CF, which is more than double the yearly average. It would appear that the 
highei~~ave~n pressure maintained during 1971 contributed significantiy to the in-
c·reased ·1 & ·U. · · 

,:;,• 

' ' 

In order.to examine ··the economic_s of drawing down the cavern versus not drawing down 
in 1_972·; it was ass.urned. that the .cavern pressure at Leyden will be 250 psig at the 
end of·the 197~-72 h~ating se~son. _It will cost $22,100.00 to draw the cavern do0n 
to 100 psig, ·based on withdrawing 1105 M2cF at the current royalty rate of $.02/MCF. 

· However, the use of the 1105 M2CF of gas from Leyden in lieu of purchasing it from 
our su~plier would delay an expenditure of approximately $255,000.00 for four months 
(bas_ed on the. 1971 ·current cost of commodity gas @ $. 2301 /MCF). A four month delay 
of·this expenditure at .an 8% -interest rate would save the Company $6,800.00, making 

. th_e. true, co7t ·of ·lowering the· cavern ·pressure $15,300.00. 
. - -- ~. 

If·thecavern pressure is allowed·to remain at approximately 250 psig, the L & U 
volume. for ·1~7.2 would be at· least ,08.3 M2CF, the sa!lle as experienced during _1971. 
If:.the cavern pressure .were lower~d to approximately 100 psig, the L & U volume is 
expected~to·be approximately 50 M CF,.the 1966 through 1970 average. The respective 
L & U expenditures would be $24,920.00 and $11,505.00 (based on the current cost of 
commodity gas at.·$.2301/MCF) or a diff~rence of $13,415.00, which is the true cost 
of leaviTlg the cavern at 250 ·psig during the summer. 
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' ( DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

n^TE February!?': 1972

rn Mr. L.- W. Brown, Superintendent________________________ Gas -.Engineering

Roy-Elwell.-
DEPARTMENT OR DIVISION

Gas Engineering
DEPARTMENT OR DIVISION

ATTN-

SUBJ. 1972 Leyden Drawdown-- Page 2

Therefore, the-difference in-cost between drawing the cavern down ($15,300.00) and 
the. cost of not drawing down in 1972 ($13,415.00)- is $1 ,885.00.- ' *

Even though the above, economics -slightly favor a no-drawdown operation-during 1972, v ^ 
it is .’improbable that the-cavern pressure will be as high as 250 psig at the end of/' 
the .1971-72. heating season; thus, making it even less expensive to drawdown. "However,
$1,885:00 appears to be a small price to pay to reasonably control our L & U losses 
and minimize a potentially-dangerous accumulation of gas in an area that is rapidly 
urbanizing. .

It.is recommended that the cavern be drawn down at the end of the 1971-72 heating season 
to-100 psig in an effort- to reduce our L & U gas volume by at least 50% annually.

c

Or

Roy El well

W«*i ^ ~N

/) ./ / / 0, /- T_
Tl/uu* Mr<u*s( far i^1!

PSC 039554

' t;_ '.iDEPART~ENT MEMO-PUBLIC SERVICE COMP~NY OF COLORADO •~--1~ 
DATE Februa~y 2~ 1972 

To __ ~M~r-:........::L~;_!!W~;~B~r~o~w~ni,~S~u~p~e~r~in~t~e~n~d~e~n~t _________ ~G~a~s~·-~En~g~i~n~e~e~r~in~g'J-_____ _ 
Ol!PARTMltNT OR DIVISION 

FRoM_~R~oy.,___;.E~l~w~e~l~l_. _________________ ___,G=a=s~E~n~g1~·n~e=e~r~i~ng ______ _ 
Dl!PARTMU.NT OR DIVISION 

ATTr:,l--------------------------------------

1972 Leyden Drawdown·-- Page 2 I SUB_J .. _________ ~-=-=-<-=:=.:.a--"'-'--='-'~-'-'--~.;;i.=..-=---------------- -~ "'{ ,,, .. 
-...J .5 ,~ 

Therefore, the·diffe_:ence in-~ost between drawing ~he cavern down ($15,300.00) and ~l"'\~ 
the: cost of not drawing down ,n 1972 ($13,415.00), 1s $1,885.00.· , ~" 

f ) 
~\ie~ t_~ough the above. economics -slightly fayor a no-dr~wdown operat~on -during 1972, ~-""" 
,t ,s improbable that tlie-·cavern pressure will be ·as high as 250 ps1g at the end oJ/ "~ 
the . .1971~72. heating season; thus, m~king it even less expen~i-ve to ·drawdown. -However, 
$1 ,885;00 ·appears to be ·a small price to pay to reasonably conttol our L & U losses 
and_mihimize a pote_ntia_lly·dangerous accumulation of gas in an ·area that ·;s rapidly 
urbanizing .. 

It.is·recommended that the cavern be drawn down at the end of the 1971-72 heating season 
to -100 psjg in an effort to reduce o~r L & U gas volume by at-least 50% annually. 

a 
Roy :Jell 
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'•r^RM ctBO'Sft-oose
INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

S

dATE_febrv^xy_ JL5,_1972___ . • •'

to Mr, James P. Heckendorn, Superintendent Gas Distribution

FROM. Mr. Robert M« Meddles, Superintendent >

DSPARTM£NT OR DIVISION

.______ Leyden Gas Storage
DEPARTMENT OR DIVISION

ATTN.. Mr. Heckendorn

sum. U & L Gas

The object of this report is to express my opinion concerning U & L Gas at the 
Leyden Gas Storage Projects

As Superintendent of this project, .1 feel a deep responsibility for any large 
expenditure of money associated with it. I feel that if I neglected to state 
my opinion concerning proposed work and investigation being done at Leyden, I 
would be remiss in my duty as Superintendent.

This report was written for the express purpose of making us all aware of 
facts that have, in the past few years, been forgotten. I hereby submit this 
report for one purpose only,; "the good of the Company and the Leyden Gas 

Storage Project". <: ' v < •• v;., ..

Cy Furn:
Mir. John M. Hass old t 
Mr. Leroy W. Brown

R. M. MEDDLES t;-; ; • :
, \ 1 Superintendent

" Leyden Gas Storage •' ■'

If . *

V¥

: C C '

.5~o o

! o
~£>

PSC 039557
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aNTER-DEPARTMtr4f MEMO-PUDLIC S&:RVICE COMPANY OF COLO~ADO 

DATl='.~·obrut:u;y 15, 1972~. _ 
... ., . ; ·:-•, 

· TO Mr. Jronea P •..ll!?cl£endorn, Superintenc:l_e_n_:t __ ___:·-"'-'··...:..':'-:·'•---"---·''--'--'' ·----=Gu:......=..a Distribut_i_o_n ________ _ 
. DEPARTMENT OR OIVl810H 

FROM .Mr. Robert M ! Meddles, Superintendent Leyden Gas Storag,_e __ --'-

'l •'!,• ., ... 

oaPARTMltNT OR DJVltlfON 
•-- .. 

ATTN Mr. Heckendorn ·-----------'--~'---'-------'-"-'--'--'-~--:--""--'-..,;_-__;__~~---------------'· ... ',. 
.. ;•, .... •. -·: . 

U & L Gas · · SUBJ. ___________ -'--'--'-'--~--'------'--~-'-•',_;,'•"-.. -'-~--'-~-'--'-'-----'--'----'---~-~~-"---~ 

. '· ,,.. 

.·' ;t' . -. 

The object of this report is to express my opinion concerning U & L Gas at the 
Leyden Gas Storage Project. 

As Superintendent of this project, .I feel a deep responsibility for any large 
e::i:penditure of money associated with it, I feel that if I neglected to state 
my opinion concerning proposed work and investigation being done at Leyden, I 
would be remiss in my duty as Superintendent. 

This report was written for the express purpose of making ua all a.rmre of 
facts that have, in the past few years, been forgotten. I hereby submit this·:· 
report for one purpose only,\·!1-the _good of the Company and the Leyden Gas 

Cy Furn: 
Nir. John M. 
Mr. Leroy 
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In 1971, the Company requested the aid of a Consultant In locating gas, lost 
or unaccounted for, at the Leyden Gas Storage Project. This gas will hereafter 
be referred to as »U & L Gas".

The Consultants preliminary report, dated July 26,1971, addressed to Mr. John 
Hassoldt, indicates several pertinent facts that the Company has been aware of 
for some time. His recommendation in this report precipitated the logging of 
the entire project by Schlumberger Well Services In September of 1971. The 
results of this survey were reported in the Inter-Department Memo of October 6, 
1971 to Mr, R. F, Jones from Mr. P, K. Triblehorn and Mr. N. H. Ottinger.
This report was later discussed at a meeting attended by Messrs:: R, F. Jones; 
,J. C. Heckendorn; P. K. Triblehorn; E. J. Schuh; L. W. Brown; B. W, Beebe;
N. H, Ottinger and myself.

After examining the Schlumberger logs at this meeting, the Consultant recommended 
that at the earliest time possible the #10 Observation Well and Water Wells #7 
and #13 should be relogged and perforated as they show evidence of being in 
severe trouble from gas migrating behind the casings. It was pointed out that 
this anomaly existed in the initial McCullough log when the well was first 
drilled; however, the Consultant felt the McCullough logs were inferior and 
that their accuracy and sensitivity were questionable. On November 17, 1971, 
the #10 Observation Well was logged and perforated at five different zones at 
intervals selected by the Consultant. After perforating, there, was no indica
tion of gas behind the casing. The #13 Water Well was relogged but the 
engineer in charge decided against perforating it and also against the relogging 
of the #7 Water Well.

After having reviewed the four recommendations outlined in his initial report,
I find that the Company has complied with three of the outlined recommendations. 
The fourth and final recommendation of deepening one of the observation wells 
is proposed in his Inter-Department Memo of January 18, 1972 to Mr. R, F. Jones.

At this time, I would like to state my opinion as to what I feel is required 
to eliminate the U & L Gas. The Companys' first concern should be the metering 
of gas in and out of the Cavern. It seems logical to assume that clean dry 
gas measured and injected into the Cavern will not be similar in metering when 
with dram if it is wet and contaminated with, shale and coal debris., as evidenced 
in the Drip Leg at the Compressor Station. It would seem that the longer and • 
harder (larger volumes required/hr) the withdrawal, the more the error would 
be magnified. A study of moving the metering installation from the Rockcatcher 
site to the Compressor Station site was done in the summer of 1971 • The cost 
of this move was estin&ted at between 40 and $50.000.00. By moving this 
installation, the Company would benefit in two ways. First, more accurate 
metering and possibly a partial or complete solution to the U & L Gas because 
both injection and withdrawal metering will be done with clean gas. The second, 
and undoubtedly the largest, benefit would be proJ^ct^g_the_meter_xHB and 
Company responsibility from vandals, target shooters, possible damage from 
someone running off the road and into the meter run and the encroaching resi
dential development that has moved into the area. This installation is located 
at the West side of the'-town of Leyden and produces noise. Since its installa
tion, there have been, from time to time, complaints aboutjthese noises. If 
the meter installation were to be relocated, this problem would be solved,
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After examining the Schlumberger logs at this meeting, the Consultant recommended . ir_ 
that at the earliest time possible the #10 Observation Well and Water Wells #7 \(. 

::!e!!3 i!~j~ ~;~e~;~f;~~~ir{~~~d~= !~:1zi:::m ;~1::~c;o~t~inc!t inthat . ···:•·.-_·.:·,_;:;_~:.::·;_,···_:: •. · .. /.1>_·_::i_ 
this anoms.ly existed in the initial McCullough log when the well was first _ ·. 
drilled; however, the Consultant felt the McCullough logs were inferior and 
that their accuracy and sensitivity were questionable. On November 17, 19711 · ---·;~·:.,/_. 

the #10 Observation Well was logged and perforated at five different zones at - '-': 
inter~ls selected by the Consultant. After perforating, there. was no indica- · ·, 
tion of gas behind the casing. The #lJ Water Well was relogged but the . . , 
engineer in charge decided against perforating it and also age.inst the relogging · < :~- • 

of the #7 Water Well • 

After having reviewed the four recQmmendations outlined in his initial report, 
I find that the Company has complied with three of the outlined recommendations. 
The fourth and final recommendation of deepening one of the observation wells 
is proposed in his Inter-Department Memo of January 18, 1972 to Mr. R. F. Jones • 

At this time, I would like to state my opinion as to what I feel is required 
to elimina ta the U & L Gas. The Companys I first concern should be the metering 
of gas in and out of the Cavern. It seems logical to assume that clean dry 
gas measured and injected into. the Cavern will not be similar in metering when 
withdrawn if it is wet and contaminated with shale and coal_ deb.ris, as evidenced 
in the Drip Leg at the Compressor Static~. It would seem that the longer and 
harder (larger volumes required/hr) the withdrawal, the more the error would 
be ms.gnified. A study of moving the metering installation from the Rockcatcher 
site to the Compressor Station site was done in the summer of 1971. The cost 
of this move was estimated at between /40 and $50,000.00. By moving this 
installation; the Company would benefit in tw·o ways. First, more accurate 
metering and possibly a partial or complete solution to the U & L Gas because 
both injection and withdrawal metering will be done with clean gas. The second, 
and undoubtedly the largest, benefit would be protecting_the meter r_un and 
Company responsibility from vandals, target shooters, possible damage from 
someone running off"" ~e road and into the meter run and the encroaching resi
den t:ial development tha, t has moved into the area. This ins talln tion is located 
at the West side of the·. town or Leyden and produces noise. Since its ins talla-
tion, there have been, from time to time, s,o~R~_iil1s,_a_b_ou:t,~~~.se ___ no~es_. It 
the meter installation· were to be relocated, this problem would be solved. '::;"~-
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The Compaq's' next concern should be the #1 and ftl Shaft areas. As we know
from past experience, there is leakage In this area. From laboratory testfl
of samples drawn from the vault"area we have detected concentration of
natural gas. This problem has not been encountered in Shafts #3 and #4 \
because the sealing methods employed by the Contractor were different.
Shafts #1 and ft1 do not have bottom hole concrete plugs. When the ftl Water 
Well is pumped, we encounter severe bubbling in the ftl and ftZ Shaft area.
The reason for this is that the water is removed to the 5,000’ contour 
line of the east workings of the mine map, thus exposing the bottom of the 
ftl and ftl Shafts. This bubbling is quite severe when the Cavern pressure 
is between 220 and 250 psig. To pursue this further, I propose using a 
tracer in the Cavern. After some investigation, I would suggest the use of 
Sulphur Hexafluoride for reasons stated below:

. ‘ 1. It's cheap. The Electric Department uses it in trasnformers as a 
coolant.

2. It's non-toxic and will support life where it makes up 80% of the 
volume.

3. It can be detected as small as one (1) pp billion and electric 
companies have used it in stack gases to trace migration.

4. It's easy to handle and is detected through the use of a Chromato- 
grapher.

5. It'8 inert and has no corrosive properties.

6. It will not interfere with the use of other tracers or detection
\

methods. \
\

7. Above 260 p3ig., it will condense but when pressure falls below 
260 psig., it will return to a gaseous state.

The small amount of Sulphur Hexafluoride required for detection also means 
■that it would purge itself from the gas In a short period of_time_and also 
allow other tracers to be used if desired. This tracer could positively 7
identify leaking storage'gas and also gas mlgration_can_be_,traced. This hi' 
information alone would be invaluable.

If, in a short time, tracer gas is found in the vaults or area around Shafts 
ftl and ftl, this would necessitate remedial w.ork in restoring a cap rock in 
the vicinity. This type of sealing can be done. If it becomes evident that 
sizable amounts of gas are venting from the .shafts., then immediate action 
should be taken to establish a cap rock for the area. In conclusion, we 
should consider using Schluraberger only if the total logging cost for the 
same service is lower than the company we have been using. Since the 
beginning of our logging program, Wells ftl, ftl, #5, #9, #14, #15 and #16 
have required, at various times, remedial work. This was detected through 
the logging survey used at that time. Since 1961, whenever wells were 
found to have bad cement or casing, remedial work was done as quickly as 
possible

?
/
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1. It's cheap. The Electric Department uses it in trasnformers as a 
cool.ant. 

2. It• s non-toxic and will support life where it makes up 80% of the 
volume. 

J. · It can be detected as small. as one (1) pp billion and electric 
companies have used it in stack gases to trace migration. 

4. It's easy to handle and is detected through the UBe of a Chromato
grapher. 

5. It• s inert and bas no corrosive properties. 

6. It will not interfere with the use o'f othe·r tracers or detection 
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7. Above 260 psig., it will condense but when pressure falls below 
260 psig., it will return to a gaseous state. 

The small amount of .~ulphur Hexafluoride required for detection also means 
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allow other tracers to b~ used if desired. Thia tracer could positively 
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informs. tion alone would be invaluable• 

If, in a short time, tracer gas is found in the vaults or area around Shafts 
#1 and #2, this would_necessitate remedial_w.Q!:._k in restoring a cap rock in 
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I feel that the Company should make every effort to find the cause, or locate 
the source, of our U & L Gas; however, I feel we should begin this effort by 
first eliminating facts such as the metering and the confirmed leakage present 
in Shafts #1 and #2. Then, after the obvious problems have been eliminated 
and found not to be the total solution, we should investigate assumptions and 
probable causes.

We knew that, in the past, we have had bad cement jobB and defective casings. 
Y/henever these were discovered, they were repaired so as not to stimulate any 
horizontal gas migration. I feel that we may be pressuring up gas 25' to 50* • 
above the back of the mine but not more than that, except in the areas of 
Shafts #1 and #2. Any other gas found behind the casing is migrating up and 
around a bad cement job. This belief is substantiated by Core Laboratory 
data on Wells #14 and #15, drilled in 1962 and #17b Observation Well and #18 
Well, drilled in 1965. These wells exhibited no gas in the cuttings or 
drilling mud until lost circulation was encountered, which was within 50' . 
of the Cavern.

My recommendation is as follows:

&/•.

1. Move the metering from its present location to the Compressor Station. 
This could be completed first and if the problem of U .& L Gas is

, solved, no need will exist for step #2.

2. Make quantative analysis .of gas from the #2 Shaft at pressure ranges 
of 150 to 250 psig. Add a tracer to determine speed of movement and, . 
if communication is direct, make preparations to establish a cap rock

' over .tiie area. ;;y -y ... ,• ^
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I feel that the Company should make every effort to find the cause, or locate 
the source, of our U & L Gas; however, I feel we should begin this effort by 
first eliminating facts such as the metering and the confirmed leakage present 
.in Shafts #1 and #2._ Then, after the obvious problems have been eliminated 
and found not to be the total solution, we should investigate assumptions and 
probable causes. 

Vie know trat, in the past, we have h~d bad cement jobs and defective casings. 
Vlhenever these were discovered, th,ey were repaired so as not to stimulate any 
horizontal gas migration. I feel that we may be pressuring up gas 25' to 50' 
above the back of the mine but not more than that, except in the areas of 
Shafts #1 and #2. Any other gas found behind the casing is migrating up and 
around a bad cement job. This belief is substantiated by Core Laboratory 
data on Wells #14 and #15, drilled in 1962 and #17b Observation Well and #'M 
Well, drilled in 1965. These wells exhibited no gas in the cuttings or 
drilling mud until lost circulation was encountered, which was within 50' . 
or the Cavern. 

My recommendation is as follows, 

1. Move the metering from its present location to the Compressor Station. 
This could be completed first and if the problem of U .& L Gas is 

__ solved, no need will exist for step #b 

2. Make quante.tive analysis .of gas from the #2 Shaft at pressure ranges 
of 150 to 250 psig. Add a tracer to determine speed of movement and, 

· if communication 1s direct, make preparations to establish a cap rock 
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DEPARTMENT OR DIVISION r J

fpom B. W. Beebe. Consultant________________________________________ ._________________ _
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DEPARTMENT OR DIVISION

fl-TTM _ L. Brown

P.mi LEYDEN STORAGE PROJECT

Leyden gas storage is one of the most important and yet has the potential 
o'f being one of the-' most 'hazardous' facilities of P.S. Co.'s gas system.- 
The nature ‘of the storage, a worked, out mine, difficulties in successfully 
cementing casing in wells,, plugging off shafts, location of and method 
of plugging core holes which may have been drilled from the surface 
during mining operations, highly irregular topography arid the mine’s 
location adjacent to the steeply dipping rocks of the foothills all 
add to potential hazard. Moreover’, encroaching urban development when 
coupled•with the geologic and mechanical hazards’requires that all 
possible methods -.of monitoring, the .facility to detect leakage before it 
becomes dangerous should be carefully considered.

At present, wells are logged with gamma-ray neutron bi-annually to 
detect significant changes in log response which might- be caused by 
movement of gas. In-addition'-,-surface gas detection devices-.are used 
periodically around wells, shafts, and the near vertical outcrop of the 
Laramie and Fox Hills sandstones west of -the mine-. These outcrops are of 
formations which form-the roof (Laramie) and floor (Fox Hills) of the mine. 
It is inconceivable that these’hard competent formations have not suffered 
fracturing when bent from virtually flat lying to near vertical. Moreover, 
records'show several’ hundred water wells ..have been'drilled. in proximity to 
the mind. Many -of .'these-' are completed in the-. .Laramie or Fox Hills sand- 

stones

Should a leak develop behind the pipe in one of the wells, there may be 
no surface indication of gas.. Gas may migrate up the bore hole to a 
porous zone.; then along-that .porous .zone, to the surface .on a hillside or 
in a ravine some distance from the well. This could occur between semi
annual logging periods.

The surface configuration -in the vicinity is conducive to such leakage.
The 'topography is characterized by rather steep hills cut by ravines.
My concern over the gas bubbles in Barbara Gulch, was caused by the topo
graphy which might cause leakage .along steep hillslopes and. in ravines. 
Hopefully, a change in 1-og response would indicate a leak before it 
became serious. But a small leak might "not be•detectable and a dangerous 
amount of gas could build up-before breaking out hundreds of feet from 

its source.

Crews should be alerted to report changes in appearance of vegetation 
or soil character along hillsides or in ravines.as they work through the 
area. Monitoring should include selected areas particularly along hill
sides and ravines and in water wells at. some distance from the periphery
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Leyden gas storage is one ·of the most important ·and yet has the potential 
of being !'.>ne of the .. mcis·t ·haza·r:.douf· facilities of ·p. S. Co.' s gas system, 
The nature -of the storage, a worked. out mine, difficulties in successfully 
cementing casing in wells, plugging off shafts, location of .and method 
of plugging core holes which may have been driiled from the surface 
during mining operations, highl~·irtegular topographi arid the mine's 
location adjatent to th~ steeply dipping rocks of the foothill~ all 
ad,d to potential hazard. !1breover·, encroaching urban developrnen_i: 'when 
~aupled•with the ieologic and mechanical hazard~·requires that ail 
po~$ible m.ethods ··pf monitori)ig_ the .facility to detect leakage before it 
bec·omes dangerous· should be carefully considered. 

At present, wells are logged with gamma-ray neutron bi-annually to 
detect significant changes in log response which might be caused by 
movement· of gas. In· ad'diticin~ . sU:fface gas detection devices-. are used 
peribdically around we~ls, shafts, and the near vertical outcrop of the 
Laramie and Fox Hills tandstones ~est of ~he mine, These butcrops are of 
formations which form·the ~oof (La~arnie) ang floor (Fox Hills) of the mine. 
It is inconceivable th1t the?e.hard competent formations have not suffered 
fracturing when bent from virtu~lly flat lying to ~ear vertical. Moreover, 
records: show se\i'~ra.:J.' himqred .water we Us ;,hav_e .been'· drilled. in proximity to 
the mirfo. Many·,of .·t~.ese··are comp.ieted in the .. .Laramie or Fox Hills sand-
s tones.-

Should a leak develop behind th.e pipe in one of the wells, there may be 
no surface indication of g~s ,. ';as may migrate up the bore hole to a 
porous zone; then along~ that :porous .zone. to the surface .on a hillside or 
in a ravine some distance from the well. This could occur between semi
annual logging peri?ds. 

The surface configuration -in the v'icinity is con~ucive to such leakage. 
The ·topography is char~c terized by rather s te.ep hills tut by ravines. 
My concern over the gas bubbles in Barbara Gulch.was caused by the topo
graphy which might cause leakage .along ·steep hillslopes and in ravines. 
Hopefully, a change in 1-og response would indicate a leak before it 
became serious. But a s~all li~k might ·not be•detectable and a dangerous 
amount of gas could build up·before breaking out hundreds of feet from 
its source. 

Crews should b~ 3lQrted to report ch3nges in appearance of vegetation 
or soil character along hillsides or in ravines.as th~y work through the 
area. Monitoring should include selected areas particularly along hill
sides and ravines and in water wells a~ som~ distance from the periphery 
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of the mine.

The only.feasible methods of detecting surface leakages over such a 
.broad area, however are through .infra-red or color aerial photography. 
Photographs should be taken yearly during the growing season when 
changes can be detected with more certainty.

To summarize, the present program should detect leaks around the shafts 
and wells. There are, however, .other highly vulnerable areas which the 
current .program will not detect within but in particular, outside of 

the storage areas. These include:

1. Improperly plugged coreholes, the location of which is unknown.

2. Water wells in the’vicinity.

3. Hillsides where gas' could migrate horizontally along bedding 
planes, accumulate and break out.

4. Ravines in and adjacent to the storage area where gas could 
accumulate in porous zones and break out.

5. Outcrops and buried outcrops of the near vertical standing 

Laramie and Fox Hills sandstones westward from the mine.

We believe that these various hazards and suggestions for detecting 
them be seriously considered. If personnel from either Fuelco's or 

Western's 'Staff-can be of assistance, dp not ’ hesitate" to 'call on us.

B. W; Beebe 
Consultant

•3WB/gs
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of the mine. 

The only .'fea_sibl'.e methods of detecting surface leakages over such a 
·.broaa area, however are throug~ -.infra-red or color aerial photography. 
Photographs should be taken yearly during the growing season when 
changes can be detected with more certainty. 

'To summarize, the present program should detect leaks around the shafts 
a_nd we'l'ls. There are, however, ,.other highly vulnerable areas which the 
current .program will not detect within but in particular, outside of 
the storage areas. These include: 

1. Improperly plugged coreholes, the location of which is unknown. 

2. Water wells in the,;icinity. 

3. Hillsides where gas· could migrate horizontally along bedding 
planes, accumulate and break out. 

4. Ravines in-and adjacent to the storage area where gas cquld 
. accumulate in porous zones and break out. 

5. 04 tcrops and· buried outcrops 9f the near vertical standing 
Laramie and Fox Hills sandstones westwar·d from the mine. 

We believe that these various hazards and suggestions for detecting 
them be serioesly cohsidered. If personnel from eith~t Fuelco~s or 
Wester-n's ·staff'can be of assiitance, d9 not·hes"itate" l::o ·call on us. 

.~i~J~1· CrC' .:..,;., u o,;:J 

B. W: Beebe 
Consultant 
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Comments on Leyden Report by Warren Beebe

£

1. It was not impossible ,to circulate cement to surface behind 
the casing. Ball Associates recommended that the casings be 
cemented with only 50 sacks. Wells #14, 15 and 16 were 
perforated and cemented to surface, with good return, several 
years after initial completion.

2. Apparently they do not realize that the pillars of coal were 
removed and the roof allowed to drop. If it did not drop 
sufficiently it was "shot down".

3. Gas bubbles discovered under the ice in Barbara Gulch were 
either in the spring or fall when the temperature was still 
conducive to vegetation decay. No ethane was detected in or 
near Barbara Gulch. Also, this occurred near Well #17, but 

I cannot remember if it was shortly before or after the 
"wash over" of the old casing.

G. Paul Cook

PSC 039562
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the casing. Ball Associates recommended that the casings be 
cemented with only 50 sacks. Wells 1114, 15 and 16 were 
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removed and the roof allowed to drop. If it did not drop 
sufficiently it was "shot down". 
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QUESTIONS REGARDING MR. BEEBE'S JANUARY 18 LEYDEN STORAGE MEMO

1. Are we confident that no gas will migrate between the cement and casing 

or the cement and wall rock after the well is deepened to penetrate the 

cavern?

2. How do we remove the possibility of contaminating the formations through

the existing perforations once the mine is penetrated? -

3. If #10 is completed to the cavern, what makes it any different from any 

other injection/withdrawal well?.

b Lee Brown

PSC 039563
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February 2, 1972

Mr. L. W. Brown, Superintendent

Roy El we 11

Gas Engineering 

Gas Engineering

1972 Leyden Drawdown

It was recently recommended and approved that 345 M2Cr of storage inventory at 

Leyden be written off to L a !J at the end of 1971. This volume represents the 
accumulated L & U for the period of January 1 , 1966 through October., 1971.

Reference to the attached graph and the following data indicates that the method 
of operation at Leyden is a contributing factor to this L & U volume.

At the beginning of each summer from 1966 through 1970, the Leyden Mine cavern 
pressure v/as reduced to approximately 100 psig and the cavern shut in for several 
months. The pressure was then raised to approximately 250 psig just prior to the 
heating season. At the end of 1970, the L & U volume v/as calculated for the period 
of January, 1966 through December, 1970 to cover the period since the last L & U 
write-off in December, 1965. The results of the 1970 calculations indicate that 
236.7 M2CF v/as the appropriate volume of L & U for the period, for a yearly average 
of 47.34 M2CF.

During the summer of 1971, the Leyden Mine cavern pressure was left at approximately 
220 psig. In November, 1971, the L & U was calculated again for the period of 
January, 1966 through October, 1971; and it v/as found that 345.0 M2CF was the 
appropriate L & U volume. This indicates that during 1971 the L & U volume increased 
to 108.3 M2CF, which is more than double the yearly average. It would appear that the 
higher cavern pressure maintained during 1971 contributed significantly to the in
creased L & U.

In order to examine the economics of drawing down the cavern versus not drawing down 
in 1972, it was assumed that the cavern pressure at Leyden will be 250 psig at the 
end of the 1971-72 heating season. It will cost $22,100.00 to draw the cavern down 
to 100 psig, based on withdrawing 1105 M2CF at the current royalty rate of S.02/MCF. 
However, the use of the 1105 M2CF of gas from Leyden in lieu of purchasing it from 
our supplier would delay an expenditure of approximately $255,000.00 for four months 
(based on the 1971 current cost of commodity gas @ $.2301/MCF). A four month delay 
of this expenditure at an 8% interest rate would save the Company $6,800.00, making 
the true cost of lowering the cavern pressure $15,300.00.

If the cavern pressure is allowed to remain at approximately 250 psig, the L & U 
volume for 1972 would be at least 108.3 M2CF, the same as experienced during 1971.
If the cavern pressure were lowered to approximately 100 psig, the L S U volume is 
expected to be approximately 50 M2CF, the 1966 through 1970 average. The respective 
L & U expenditures would be $24,920.00 and $11,505.00 (based on the current cost of 
commodity gas at $.2301/MCF) or a difference of $13,415.00, which is the true cost 
of leaving the cavern at 250 psig during the summer.

PSC 039564

February 2, 1972 

Mr. L. H. Brown, Superintendent 

Roy Elwell 

1972 Leyden Dra\-1do\fm 

Gas Eng·i neeri ng 

Gas Engineering 

It was recently recormnended and approved that 345 M2CF of storage inventory at 
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236. 7 M CF was the appropriate volume of L & U for the period, for a yearly average 
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During the summer of 1971, the Leyden Mine cavern pressure was left at approximately 
220 psig. In November, 1971, the L & U was calculated again for the period of 
January, 1966 through October, 1971 ; and it was found that 345. 0 M2CF was the 
appropriate L & U volume. This indicates that during 1971 the L & U volume increased 
to 108.3 M2CF, which is more than double the yearly average. It would appear that the 
higher cavern pressure maintained during 1971 contributed significantly to the in
creased L .~ U. 

In order to examine the economics of drawing down the cavern versus not drawing dm·m 
in 1972, it was assumed that the cav.ern pressure at Leyden wi 11 be 250 psi g at the 
end of the 1971-72 heating season. It will cost $22,100.00 to draw the cavern down 
to 100 psig, based on \-1ithdrawing 1105 M2CF at the current royalty rate of $.02/MCF. 
However, the use of the 1105 M2CF of gas from Leyden in lieu of purchasing it from 
our supplier would delay an expenditure of approximately $255,000.00 for four months 
{based on the 1971 current cost of commodity gas@ $.2301/MCF). A four month delay 
of this expenditure at an 8% interest rate would save the Company $6,800.00, making 
the true cost of lowering the cavern pressure $15,300.00. 

If the cavern pressure is allowed to remain at approximately 250 psig, the L & U 
volume for 1972 would be at least 108.3 M2CF, the same as experienced during 1971. 
If the cavern pressure were lower~d to approximately 100 psig, the L & U volume is 
expected to be approximately 50 M'-CF, the 1965 through 1970 average. The respective 
L & U expenditures would be $24,920.00 and $11,505.00 (based on the current cost of 
commodity gas at $.2301/MCF) or a difference of $13,415.00, which is the true cost 
of leaving the cavern at 250 psig during the surrmer. 
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February 2, 1972

Mr. L. W. Brown, Superintendent

Roy El we11

Gas Engineering 

Gas Engineering

1972 Leyden Drawdown -- Page 2

Therefore, the difference in cost between drawing the cavern down ($15,300.00) and 
the cost of not drawing down in 1972 ($13,415.00) is $1,885.00.

Even though the above economics slightly favor a no-drawdown operation during 1972, 
it is improbable that the cavern pressure will be as high as 250 psig at the end of 
the 1971-72 heating season; thus, making it even less expensive to drawdown. However, 
$1,885.00 appears to be a small price to pay to reasonably control our L & U losses 
and minimize a potentially dangerous accumulation of gas in an area that is rapidly 
urbanizing.

It is reconrenended that the cavern be drawn down at the end of the 1971-72 heating season 
to 100 psig in an effort to reduce our L & U gas volume by at least 50% annually.

Roy Elwe11
c
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Gas Engineering 

Gas Engineering 

Therefore, the difference in cost between drawing the cavern down ($15,300.00) and 
the cost of not drawing down in 1972 ($13,415.00) is $1,885.00. 

Even though the above economics slightly favor a no-drawdown operation during 1972, 
it is improbable that the cavern pressure will be as high as 250 psig at the end of 
the 1971-72 heating season; thus, making it even less expensive to drawdown. However, 
$1,885.00 appears to be a small price to pay to reasonably control our L & U losses 
and minimize a potentially dangerous accumulation of gas in an area that is rapidly 
urbanizing. 

It is recommended that the cavern be··drawn down at the end of the 1971-72 heating season 
to 100 psig in an effort to reduce our L & U gas volume by at lea3t 50% annually. 

Roy Elwell 
C 
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FORM 830.22-0056

.. i

INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

date 'November 18, 1971

to_____ Mr. L. W. Brown. Superintendent

from Roy E. El well____________________

Gas Engineering
DEPARTMENT OR OlvfstON

Gas Engineering
DEPARTMENT OR DIVISION

ATTN.

SUBJ.
L & U - Leyden Storage Project

During production years the Colorado Mine Inspector reports that a total of 
5,941,720 tons of coal was extracted from the Leyden Mine. The coal extracted 
from Leyden had a density of 84.9 pounds per cubic foot, or a maximum void of 
140 MMCF for natural gas storage (5;941,720 x 2000#/ton * 84.9#/cubic foot).

Assuming the full mined volume is available for-the storage of natural gas and that 
none of this gas has been entrained in the adjacent non-mined formations, 2,681.2 MMCF 
can be stored at 250 psig or 280.57 psia.

• z

Volume Calculations (MCF at 14.65 psia)

140.0 (280.57/14.65) = 2,681.2 MMCF

Chart Processing Department and Leyden Storage records indicate Leyden inventory was 
3,026.2 MMCF at a dead weight reading of 250 psig on September 30, 1971.

Volume Inventory (M^CF at 14:6,5 psia)

Inventory Volume 3,026.2 MMCF
Estimated Volume 2,681.2 MMCF

345.0 MMCF

In December, 1965, 150,000 MCF at 14.65 psia of Leyden storage gas was written off as 
L & U. This gas was purchased from Western Slope Gas Company and/or Colorado-Wyoming 
Gas Company at the commodity rate of $0.205/MCF or $30,750.

In December, 1970, a memo from William Brackett recommended that an additional 200,000 
MCF at 14.65 psia should be written off at the end of 1970 to balance our Leyden storage 
volume. Mr. Speer requested no write-off be made until 1971. Therefore, no storage gas 
was written off in 1970.

Our current calculations indicate that 345,000 MCF at 14.65 psia should be written off 
at the end of 1971 to balance the Leyden storage volume.

Commodity gas purchased from Western Slope Gas Company for Leyden cost $0.205/MCF from 
the date of the previous write-off in December, 1965 through April 17, 1970. The 
average cost of commodity gas purchased from Western Slope Gas Company during 1970, 
considering rate adjustments, was $0.2129/MCF. The weighted average cost of commodity 
gas for 1971, through October, is $0.2210/MCF.

PSC 039568
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INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO 

oATE __ ·N_o_v_em_b_e_r_l_8~,_1_9_7~1-

. /4.AL 
; 

To ___ M~r~•:........=L~-~W~·~B~r~o=w~n~,~S~u~p=e~r~in~t~e=n=d~eo~t.,._ _______ ___;G=a=s---=En~g~1~·n~e~e~r~i~ng"'-_____ _ 
DCPARTMENT OR 01vfstON 

FRoM _ _;_;,Ro~y'---=E~·--=E~lw~e~l~l'----------,---------~G=a=s:.-:E~n~q~in~e~e~r~i~n~g-------
oEPARTM£NT OR DI VISION 

ATTN. ____________________________________ _ 

susJ. _____ L _&_U_-_Le-=y_d_e_n_S_t_o_r_a_,,_g_e_P_r_o-=-j_e_c_t ___________________ _ 

During production years the Colorado Mine Inspector reports that a total of 
5,941,720 tons of ·coal was extracted from the Leyden Mine. The coal extracted 
from Leyden had a density of 84.9 pounds per cubic foot, or a maximum void of 
140 MMCF for natural gas storage (5;941,720 x 2000#/ton·.;. 84.9#/cubic foot). 

Assuming the full mined volume is available for·the storage of natural gas and that 
none of this gas has been entrained in the adjacent non-mined formations, 2,681.2 MMCF 
can be stored at 250 psig or 280.57 psia. 

. z 

Volume Calculations (MCF at 14.65 psia) 

140.0 {280.57/14.65) = 2,681.2 MMCF 

Chart Processing Department and Leyden Storage records indicate Leyden inventory was 
3,026.2 MMCF at a dead weight readi_ng of 250 psig on September 30, 1971. 

Volume Inventory (M2CF at·14:65 psia) 

Inventory Volume 
Estimated Volume 

r ·/ 
·CJ"C''I' 

. d 

3,026.2 MMCF 
2,681.2 · MMCF 

345.0 MMCF 

In December, 1965, 150,000 MCF at 14.65 psia of Leyden storage gas was written off as 
L & U. This gas was purchased from Western Slope Gas Company and/or Colorado-Wyoming 
Gas Company at the commodity rate of $0.205/MCF or $30,750. 

In December, 1970, a memo·from William Brackett recommended that an additional 200,000 
MCF at 14.65 psi a should be_ writterr off at the end of 1970- to balance our Leyden stor_age 
volume. Mr. Speer requested no w~ite-off be made until 1971. Therefore, no storage gas 
was written off in 1970. · 

Our current calculations indicate that 345,000 MCF at 14.65 psia should be written off 
at the end of 1971 to balance the Leyden storage volume. 

Commodity gas purchased from Western Slope Gas Company for Leyden cost $0.205/MCF from 
the date of the previous write-off in December, 1965 through April 17, 1970. The 
average cost of commodity gas purcha~ed from Western Slope Gas Company during 1970, 
considering rate adjustments, was $0.2129/MCF. The weighted average cost of commodity 
gas for 1971, through October, is $0.2210/MCF. 
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FORM e.S0»22*00S3

' l INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

pATp November 18, 1971

TO_____ Mr. L. W. Brown, Superintendent____________________ Gas Engineering
DEPARTMENT OR DIVISION

FROM Roy E. Elwell_________________________________ Gas Engineering
DEPARTMENT OR DIVISION

ATTN----------- ------------------------------- —----------------------------------------------------------------------

,_________L & U - Leyden Storage Project -- Page 2____________________

If it is assumed the 200,000 MCF should have been written off equally in the years 
1966 through 1970 at the respective cost of commodity gas and the remaining 145,000 
MCF will be written off in 1971 at the current cost of commodity gas, then the 
breakdown would be as follows:

Year MCF Cost/MCF Cost

1966 40,000 $.2050 $ 8,200
1967 40,000 .2050 8,200
1968 40,000 .2050 8,200
1969 40,000 .2050 8,200
1970 40,000 .2129 8,516
1971 145,000 .2210 32,045

Total 345,000 $73,361

c
Roy ttlwell

PSC 039569

•, I INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO 

PATE __ N:....:o:....:v..c:ce=mb_e_r_l8~, _1_9_71'---

To ___ M_r_._L_._W_. _B_r_ow_n_,,'---Su_,p'-e_r_i_nt_e_n_d_en_t _________ G_as_E_n..,_g1_·n_e_e_r1_·n~g.___ ____ _ 
DEPARTMENT OR DI VISION 

FROM __ R_o~y_E_._El_w_e_l_l ________________ G=as_E_n~g,_·n_e_e_r_in_-g.__ ____ _ 
OIIPARTMENT OR DIVISION 

ATTN. _________________________________ _ 

susJ. ____ L_& _U_-_,_. L_e..::,_y_d_e_n _S_t_o_ra-=g'-e_Pr_o..:::,j_ec_t __ - _-_P~ag,,_e_2 _____________ _ 

If it is assumed the 200,000 MCF should have been written off equally in the years 
1966 through 1970 at the respective cost of commodity gas and the remaining 145,000 
MCF will be written off in 1971 at the current cost of commodity gas, then the 
breakdown would be as follows: 

Year MCF Cost/MCF Cost 

1966 40,000 $.2050 $ 8,200 
1967 40,000 .2050 8,200 
1968 40,000 .2050 8,200 
1969 40,000 .2050 8,200 
1970 40,000 .2129 8,516 
1971 145-~000 .2210 32,045 

Total 345,000 $73,361 

a. 
Roy fiwel l 

C 
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General Accounting

Sns Engineering

12.37 psU (345,000 MCF 0 14.65 ps1a) 

!©st%nd unaccounted for gas In underground storage

...

wmm*

l. V. Brown Jf
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FORM 650-22*0050

INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

January 8, 1970_____

Mr. Louis R. Arnold, Supvr. - Market & Supply________Gas Engineering

FROM William E. Brackett

DKPARTMCNT OR DIVISION

Gas Engineering
DEPARTMENT or oivision

ATTN. ■

SUBJ. Leyden Mine Storage Volume

As of December 31, 1969, the Leyden cavern pressure (closed) was 206 psig 
or 232.38 psia bottom hole pressure. During production years the Colorado 
Mine Inspector reports' that a total of 5,9^1,720 tons of coal was extracted 
from the Leyden mine. The coal extracted from Leyden had a density of 84-9 
pounds per cubic foot, or a maximum void of l40 MMCF for natural gas storage 
(5,941,720 tons x 2000#/ton/84.9/cubic foot). However, the results of the 
1969 testing indicated that the available void is less due to the water 
encroachment and is estimated to be a maximum 124-3 MMCF. The following 
tabulation summarizes the inventory and related calculations on December 31,
1969.

Added Void Due to Water Pumping Assuming 7-48 Gallons/Cubic Foot

Gallons Pumped 
63,549,600

Added Void Calculation , y- vgy
63,549,600 gallons = 8.5 M2CF ° ~ ^//^r*r
7-48 galions/cubic foot

•O

Available Void Storage Space
Estimated Void 124.25
Added Void 8-50

132.75

Volume Calculations (MCF at 14.65. psia) 
132.75 (232.38/14.65) = 2105 M^CF-

Volume Inventory (M^CF at 14.65 psia) 

Year End, 2,534
Estimated Volume 2,105

Difference 429

In conclusion, the lost and unaccounted for gas at the Leyden Storage Project 
has decreased in the year 1969 over that in 1968. The inventory difference 
in 1968 was estimated at 445 M^CF. while the inventory difference in 1969 was 
429 M^CF. Therefore, the gas lost during 1969 is estimated at 16 FTCF less 

than that volume lost in 1968.

WEB/cjp

£

William E. Brackett

PSC 039571

INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO 

oATE~--=J=a=n=ua=r=y-=8~1-=1~9~70-=------

To ___ ~_r_·_._L_o_w._·s_R_._Ar_n_o_l_d~,_S_u~p_v_r_._-_Ma_r_k_e_t_&_S_u_p_p_l_y ____ G_a_s_En_g~1_·n_e_e_r_i_n_g ______ _ 
Dlf.P'ARTMENT OR DIVISION 

FROM __ W_i_l_l_ia_m_E_•_._Br_a_c_k_e_t_t _________________ G_a_s_E_ng=---in_e_e_r_i_·n~g"--------
01tPARTM,IINT OR DIVISION 

ATTN. ________________________________________ _ 

sueJ. ______________ L_e.::..y_d_e_n_M_in_e_S_t_o_r_a--=g::...e_V_o_l_um_e ___________ ~---

As of December 31) 1969, the Leyden cavern pressure (closed) was 206 psig 
or 232.38 psia bottom hole pressure. During production years the Colorado 
Mine Inspector reports· that a total of 5,941;720 tons of coal was extracted 
from the Leyden mine. The coal extracted from Leyden bad a density of 84.9 
pounds per cubic foot, or a rnaximµm void of 140 MMCF for natural gas storage 
(5,941,720 tons x 2000#/ton/84.9/cubic foot). However, the results of the 
1969 testing indicated that the available void is less due to the water 
encroachment and is estimated to be a maximum 124.3 MMCF. The following 
tabulation summarizes the inventory and related calculations on December 31, 
1969. 

Added Void Due to Water Pumping Assuming 7 .48 Gallons/Cubic Foot 
Gallons Pumped 

63,549,600 

Added Void Calculation 

63,5l~9,600 gallons 
7.48 gallons/cubic 

= 8.5 rvfcF 
foot 

Available Void Storage Space 
Estimated Void 
Added Void 

124 .25· 
8.50 

132.75 

Volume Calculations (MCF at 14.65,psia) 
132.75 (232.38/14.65) = 2105 M2CF 

Volume Inventory (M2CF at 
Year End, 
Estimated Volume 

Difference 

14 .65 psia) 
2,534 
2,fr05 

29 

In conclusion, the lost and unaccounted for gas at the Leyden Storage Project 
has decreased in the year 1969 over that in 1968. The inventory difference 
in 1968 was estimated at 445 M2cE.while the inventory difference in 1969 was 
429 M2CF. Therefore, the gas lost during 1969 is estimated at 16 M2cF less 
than that volume lost in 1968. 

I I '/. J C 1? ~ /!+--· ,/t!u~~/1- ~· .. .h.,./4-<~~v-· 
William E. Brackett 

WEB/cjp 
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April 29, 1971

Mr. R. R. Midwinter, Director

L. R. Arnold, Supervisor - Market & Supply

Auditing

Gas Engineering

Gas Stored Underground - Inventory

The method of calculating gas inventory at the Leyden Mine has been 

changed somewhat from the method used in prior years. The current method 

assumes a volumetric approach and does not consider gas displaced through 

the summer water pumping program. The new method indicated that gas 

inventory in the cavern is increasing. At year ending 1971, inventory 

write-offs will occur to reflect the existing recoverable gas stored in 

the mine.

Mr. R. F. Jonas of Western Slope Gas Company should be contacted 

regarding similar data for Asbury Storage.

L. R. Arnold

c

PSC 039572

Apri 1 29, 1971 

Mr. R. R. Midwinter, Director Auditing 

L. R. Arnold, Supervisor - Mark~t & Supply Gas Engineering 

Gas Stored Underground - Inventory 

The method of calculating gas inventory at the Leyden Mine has been 

changed.somewhat from the method used in prior years. The. current method 

assumes a volumetric approach a·nd does not consider gas Elisplaced through 

the summer water pumping program. The·new method indicated that gas 

inventory in the cavern is increasing. At year enqing 1971, inventory 

write-offs will occur to reflect the existing recoverable gas stored in 

the mine. 

Mr. R. F. Jonas of Western·s1ope Gas Company jhould be contacted 

regarding similar data for Asbury Storage. 

L. R. Arnold 

C 
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FORM B5O-22.00&S V l
INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO

oatf September 10, 1971
Mr. Frank B. Fry, Vice President Western Slope Gas Company

to____ Freeman, Manager Hag Ppprati rm<?
DCPA RTHENT OR DIVISION

cpn» L. W. Brown, Superintendent:Gas Engineering
DEPARTMENT OR DIVISION

ATTN------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

SUBJ. Refill of Leyden Mine

In preparation for the 1971-72 heating season, it will be necessary to 

schedule the Leyden refill operation to begin September 15, 1971.

It is estimated that approximately 250,000 Mcf will need to be injected 

in order to raise the storage pressure to 250 psig. The daily injection 

volume should be approximately 50,000 Mcf.

Mr. Forest Erickson will coordinate the details of the refill operation 

with Mr. Robert Meddles so that the shaft seals can be adequately maintained.

b

CC: Forest Erickson 
Robert Jonas

L. W. Brown

PSC 039578
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INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY OF COLORADO 
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Mr. Frank B. Fry, Vice President Western Slope Gas Company 
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In preparation for the 1971-72 heating season, it will be necessary to 

schedule the Leyden refill operation to begin.September 15, 1971. 

It is estimated that approximately 250,000 Mcf will need to be injected 

in order to raise the storage pressure to 250 psig. The daily injection 

volume should be approximately 50 ;·000 Mcf. 

Mr. Forest Erickson will coordinate the details of the refill operation 

with Mr. Robert Meddles so that the shaft seals can be adequately maintained. 

b 

CC: Forest Erickson 
Robert Jonas 

L. W. Brown 
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December 9, 1970

Mr. Louis R. Arnold, Supvr., Market & Supply 

William E. Brackett

i

Gas Engineering 

Gas Engineering

Leyden L & U

During production years the Colorado Mine Inspector reports that a total of 
5,941,720 tons of coal was extracted from the Leyden Mine. The coal extracted 
from Leyden had a density of 84.9 pounds per cubic foot, or a maximum void of 
140 MMCF for natural gas storage (5,941,720 x 2000 #/ton/84.9#/cubic foot).

Assuming the full mined volume is available for the storage of natural gas and 
that none of this gas has been entrained in the adjacent non-mined formations, 
2,681.2 MMCF can be stored at 250 psig or 280.57 psia.

Volume Calculations (MCF at 14.65 psia)
140.0 (280.57/14.65) = 2,681.2 MMCF

Chart Processing Department and Leyden Storage records indicate Leyden inventory 
was 2,917.9 MMCF at a deal weight reading of 250 psig on November 25, 1970.

Volume Inventory (M^CF at 14.65 psia)

Inventory Volume 2,917.9 MMCF-
Estimated Volume 2,681.2 MMCF
Difference 236.7 MMCF

In conclusion, using the above premise, it is recommended 200 MMCF be written off 
as L & U at year end of 1970.

b William E. Brackett
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VERIFYING STORAGE INVENTORIES

Introduction

Public Service Company of Colorado stores natural gas in a void created by 
coal mining operations at the Leyden Lignite Mine, fourteen miles northwest 
of Denver, Colorado. The storage area is approximately 800 feet below the 
surface and consists of two overlapping working levels 8 to 10 feet in 
thickness as shown in figures 1 and 2. The coal was mined using the "Room 
and Pillar" method (Kelly, 1963, 8 p.). Most of the pillars in the upper 
workings were pulled, allowing the roof to cave in and fill the mine area 
with rubble. The lower workings- are, for the most part, still supported 
by the pillars.

The records of the Colorado State Coal Mine Inspector indicate that a total 
of 5,941,720 tons of coal were produced from the Leyden Lignite Mine during 
its operating life. This would 'represent a total void of 140,000 ^cf, or a 
potential storage inventory of 2,734,538 mcf at a maximum storage pressure of 
250 psig. 0

Storage Inventory

It was expected that inventory control and verification would be a minor 
problem because gas would be confined in a definite void at pressures well 
below the hydrostatic head to prevent gas migration into the walls of the 
cavern. However, it was found that as the project developed the actual 
pressure-volume relationships deviated substantially from those predicted. 
Since our gas dispatchers depend heavily on adequate peak-shaving capacity 
from Leyden to serve the Denver area, a study was initiated in 1965 to find 
the true pressure-volume relationship. The annual requests by the auditors 
to substantiate inventory figures also made it imperative that we initiate 
this study.

Orifice Measurement Method

Integrated meter charts were used as the basic tool for estimating the total 
storage and working gas volumes until 1965. The Leyden Storage Project has 
a central metering point which is used to meter gas on both injection and 
withdrawal. There are no wellhead meters, and the gas is not cleaned or 
dehydrated on withdrawal prior to metering. However, an extensive test has 
shown that the net metering error at Leyden is only 1% high on withdrawal.

Volumetric Method

The volumetric method (Katz, 1959, p. 456-461) has been used as a check 
calculation for our metered volumes for several years. The volumetric 
calculations for total storage inventory have continued to deviate substan
tially from the metered volumes during this time. The auditors would prefer 
to write-off some of the excess volume; however, engineering has not agreed 
to this because continued experience with the production-pressure-decline 
method has indicated to us that some or all of the "unaccounted for" gas may 
be recovered. It should be noted that water pumping operations contribute 
additional void each year, but the increase in void is consistently below the 
increase in inventory.
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pressure-volume relationships deviated substantially from those predicted. 
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Integrated meter charts were used as the basic tool for estimating the total 
storage and working gas volumes until 1965. The Leyden Storage Project has 
a central metering point which is used to meter gas on both ·injection and 
withdrawal. There are no wellhead meters, and the gas is not cleaned or 
dehydrated on withdrawal prior to metering. However, an extensive test has 
shown that the net metering error at Leyden is only 1% high on withdrawal. 
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be recovered. It should be noted that water pumping operations contribute 
additional void each year, but ~he increase in void is consistently below the 
increase in inventory. 

-1-
PSC 039581 



t

Production-Pressure-Decline Method

The production-pressure-decline method (Katz, 1959, p. 461-462) was initiated 
at the beginning of the study as an additional tool'to the orifice measure
ment and volumetric measurement methods. Pressure-decline curves were made 
and analyzed in detail over the full operating range of cavern pressure.
Various withdrawal-injection rates and pressure stabilization periods were 
also used. During both injection and withdrawal, a gradual increase in 
volume per unit of pressure change is experienced as shown in figure 3.

The above observations indicated to us that gas was migrating from the cavern 
to the country rock outside the cavern void. This condition was tolerated 
for several heating seasons in hope that pressure stabilization would occur. 
However, sizeable increases in inventory occurred during each operating season 
which could not be accounted for by the volumetric measurement method. The 
gas migration had to be controlled to preclude it from finding its way to the 
surface or migrating so far from the void as to be permanently lost. Each 
summer we presisted in our efforts to control the inventory and analyze the 
pressure-volume relationship by means of the production-pressure-decline method 
Here we noted that in those years in which low cavern pressure were reached, 
the inventory increase the following season was smaller than in those years 
in which high cavern pressures were maintained. In the summer of 1967, the 
cavern was deliberately drawn dbwn to a minimum pressure of 100 psig and shut 
in for the remainder of the summer. As a result, the 1967-68 heating season 
marked the first time that the inventory at the beginning of the season was 
less than the inventory at the end-of the previous heating season. In addition 
the inventory buildup at the end of the 1967-68 season did not exceed our 
former peak inventory of 2725 M^CF as shown in figure 4.

The pressure-volume relationship derived from the production-pressure-decline 
method is now used by Public Service Company of Colorado to determine the 
total void available for storage, the total volume in storage, and the total 
volume of working gas. The total void and corresponding storage volume are 
calculated after pressure stabilization, but the working gas volume is calcu
lated prior to pressure stabilization. This is done because experience has 
shorn that during operation we do not stay at any one pressure level long 
enough to benefit from the gas which may be recovered from the wall rock 

through pressure stabilization.

Conclusions

The production-pressure-decline method has been a very good tool for verifying 
storage inventories at the Leyden Storage project. A correlation with the 
orifice meter records and volumetric method has given us a method of control
ling and even recovering a portion of the total storage inventory which has 
migrated from the cavern. In addition, the pressure-volume relationships 
developed by the production-pressure-decline method enable us to predict 
actual working gas volumes with a high degree of accuracy.

We are now in the process of reducing our "unaccounted for" gas to a level 
which can be tolerated by the auditors.
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Figure 3

TYPICAL PRESSURE DECLINE EQUATION 

Leyden Gas Storage Project

Pressure Range 

High (250 psig) 

Low (100 psig)

•Injection 

X = 6737 Y 

X = 5283 Y

Withdrawal 

X = 6049 Y 

X = 7914 Y

Where:

X = remaining volume (MCF) 

Y = pressure (psia/g)
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Where: 
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X = 6737 Y 
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February 1, 1967

H, A. Snery, Supervisor Planning Section 

t, W. Brown, Market & Supply Engineer

Leyden. Mine Storage Volume

I /l ’

Gas Engineering 

Gas Engineering

introduction-'

' memo outlines' the volume’caicuiatiohis which are made at' the" request of 
Arthur Young arid 'Company;concerning the'volume of gas in storage at Leyden 
Mine on December1 31* 1966 at a cavern'pressure of '209 *9 psig or 233*54 psia 
bottom hole pressure* 2W3, 3 ^Z?. 2.5'"’

Calculations:

. ' Efeximum Void: The records of the’ Colorado State and Mine Inspector show that
a total of 5*941,720 tons of coal were produced from Leyden Mine during its 
operating life* Density tests on samples of coal from' the Leyden seam show' 
an' average density of-’84.9^ per cubic feet.

Therefore* KjPPPQfrJtpp-, = i4o M^cf of void
ew-i9svcu'. ft.

Available -Void; ’ The available, void in teyden Mine is bomewhst less than 
I4o #cf due to 'subs idence and water encroachment in the cavern. Pressure- 
volume tests conducted during; the summer of 1965 indicate that' the void may 
be as high as 114*2 M-cf,

Added Void; After the 1966 withdrawal test 29,QQ8,020 gallons of water 
were pumped tram, the mine, which would add 3*9 cf to the above avaifeble 
void'as follow:

39;oo8;pgo .gai; • „
7*48 gal./cuift*

Wpcf of void

/U-l*
3-9

/l~o. ‘

Volume Calculations: Assuming an available void of 114,2 JfPef plus an added 

void of 3*9 M^cf due to water pumping gives 118.1 Vficf.
/*©./ * ..

Therefore* 118*1 x = i;S82 Mraf @ 14165 psia

Volume Inventory: Public Service Company records show that a net of
2,262,458 Mcf © 14*65 has been injected into the mine as of December 31* 
1966 at a pressure of 209*9..psig*

Therefore'. 2,262 'jf-cf
' ' less 1.882 .KFcf —
L & U gas 380 f£cf Jo /
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Lt W. Brow, Market & Supply Engineer 

Leyden Mine Stora gE?' Voluhle 

introduction: 

g,.-, 

·:: .:-".:. 

i1 • 

/ 

Gas Engineering 

Gas Engineering 

... Thie' mewf outltiies· the volume· caicuiat1~ Yhich are made at· tl:ier request of 
. Arthur Young aricf Company"concern:tng the· volume of' gas in storage at ·ieyaen 

.. Mine ·on Dec~ber; 31, 1966 at a cavern· pressure o·:r·209-.9 paig or 23:3.54: peia 
. bottom· hole preiifsure. 2,,-12,.., 3 23 7. 2S-

calcu.i.a:tions: 

. ' l\19.x.imum Void: The records of the' Colorado state and Mine tnspector ·shc;n-1 that 
a total of 5 ;941, 720 tona of coal were produced ·rrom Leyden Mine d'uring its 
operating life-. Density tests on· samples of coal fronf the Leyden ·seam ·show· 
an average density of'84.9# per cubic feet. 

'Therefore· 5$1,-72° tong, x. 2¢So!lft,ori. = 140 W-cf of void 
' eA~§#/cu~ ft, 

. . 
.. : . .. ' . . ' ,, . ' .. ' ' ' . ' .. . . 

, AVt:\'iPFl?le-Void t .· The a;vail~ble, :v~:1.~ )-'~ teyden, J,!~ne is s~'het less ·tha1;1. 
140 cf' due to 9u"bside~ce and water ~nc;roachinen.t in the. cave_m. P-ressure
voltime tests ·c_qnduoted ·during the summer of'·1966 1.ndfoate that" the void may 
be aa high as 114.2 M2cf. 

Added Vbid: . iµ~~r the 1966 withd~w~l :test· 29,9Q8,020· gailons :of wate:r;- . 
~,ere p·umped. f'roiii the mine,. which 't'rould ·add 3.9 t.Fcf to the above available· 
void' as follows : 

1/6--2-
J. '1/ 

/?.,..(J,I 

Vol~e eaic~t:tbmq Assuming an ~~a-iiable: vo:1.d of i14 .• 2 tic/ plus an° added 
void of 3,9 i.Fcr due to water pumping gives li8.1 'l!f-cf. 

. I i,o. , >< z.? o/' i.:s--- . . . . 

Therefore~ us:1 x .233-~~" = 1~882 tier @ 14:65 psia 
~ . 

Volume :fri,.,ent6ry: l\lblic S~rvic~ Company r~cords show that · a net of 
2~262;"li-58 Mcf @ i4.65 has been injected into the mine es of December 31• 
1966 at a pressure of 209.9_,!)sig .. 

Therefore~ 2,262 ~f!cf., 
• . less 12 ~ Pier 
L & U gas 3 'r#cf 

2--Z-G. 7_ 
/y6/ 
]O/ 
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February 1, 19 &7

Leyden 'Storage Volume » page 2

Remarks: .

it' should be noted that the above L' & tf Increases monthly at high cavern •
' pressures indicating that gas is being forced into thief formationshowever, 
our 1966' pressure^voiums tests show that mo3t of this s gas may be-recovered 
'at' leu cavern pressures *

Lt-JBihp

L* W. Brown
f&rket & Supply Ehgineer

PSC 039588

... 

February 1, 1967 

Ieyden ·storage Volume O page 2 

It· should be noted that the ·above L' &: tt 1.rurreaerea ·monthly at liigh ·cavern . 
· pres-stires .:indicating thllt ga$ ia being forced into thief format-ions;- hm1ever, 

'oi.llf 1966: presstil'e .. voiume tests sbmr ·that moat- of ·this, ~s may be· recovered 
'at· lmr cavern pressures •. 

.,._ 

L,. W ._ Brown 
-~rket & Supply ·Engineer 

Lt-313:-hp 

PSC 039588 



I
FORM 650-22-0053

INTiR-DEPARTMEJvf MEMO-PUBLIC SERVICE COMPANY OP COLORADO

nATF November 29, 19&7

to______ T1. A. .Tost. Property Accountant ______________________ Property Accounting
DEPARTMENT OR DIVISION

from T,. ¥. Brown.. Market and Supply Engineer_______________Gas Engineering
DEPARTMENT OR DIVISION

ATTN.________________________________________________________________________________________________________________________

subj_____Gas in Storage in Leyden Mine________________________________________________

As a result of our 1967 testing program at Leyden Mine, we have teen able 
to substantially reduce the amount of L & U gas in'the cavern.

It is recommended that we do not charge off any Leyden gas during 1967 to 
the Lost and Unaccounted gas accounto

—
L. ¥. Brown
Market and Supply Engineer

DIB:kdk

cc: Merrill Stover
G. Paul Cook 
Sam Miller

NOTED:

\

\

\
1• \

J ,

PSC 039589

FORM 850-22-00SS 

INTER·DEPARTMIE~t ME.MO-PUBLIC SERVICE COMPANY OF COLORADO 

DATE ___ N_ov_em_b_e_r_2~9~,,_1~9~6~7'--

TO ___ ~T~--A..,__._0~J~o=·=st.,,_,...,-=Pr.....,,o~p=e~r~t~\~'~A~c~c~o~un""""-~~an""=-t.,,._ __________ ~P~r~·o~p~e~r~~~vY.i.......;A=-=..:::c~c~o~un:=t~i=ng~-----
DEPARTMENT OR DIVISION 

FROM __ ~Iu,,_uW~._,_B~r~oaw~n~.J,____.M~a~r~k~e~t~. -1.oa~n~d..-S~u~u~p~l~Y:.........aE~n~g~i~n~e~e~r!,_ ______ ~G~a~s~E~ng~i~n~e~e~r~i~·1~1g!5.,_ ______ _ 
DEPARTMENT OR DIVISION 

ATTN·--------------------c:-------------------------~ 

sueJ. __ .,...Gu.,::i=s,__.i-'-n ........ S.._..t,..o ... r"""a~g""F~i~· n...__.,_L,,..e..;.y;.,..d.,,.e ... n'--.!o.:Yn ... ·.,.n~e~--------------------------

As a result of our 1967 testing program at Leyden MineJ we have been able 
to substantially reduce the a.rnollllt of L & U gas in·the cavern. 

______ It_is reconnnended that we do not charge off any Leyden gas during 1967 to 
the Lost and Unaccou..Dted gas account. ------------- ---------

\ 
\ 
\ 

. \ 
' \ 
\ 

·-r 
I 

I 
J \ :' 

.) 

UT.B:kdk 

cc: Merrill Stover 
G. Paul Cook 
Sam Miller 

L. w. Brown 
Market and Supply Engineer 

NOTED: . ?,JI, 4 ' ~1: 
! 

PSC 039589 



-»RM 650-22-0058

BNTiR-BEPARYMENT MEMO-PUBLIC SERVICE COMPANY OP COLORADO

DATE February 1, 1966

TO Frank Bo. Fry, Manager Gas Engineering

TROM L. W. Brown, Special Projects Engineer

DEPARTMENT OR DIVISION

Gas Engineering

ATTN.

DEPARTMENT OR DIVISION

SUBJ. Leyden Mine Storage Volume

Introduction:

This memo outlines the volume calculations which are made at the request 
of Arthur Young and Company concerning the volume of gas in storage at 
Leyden Mine on December 31,- 19^5 a cavern pressure of 250.7 psig or 
273.04 psia bottom hole pressure.

Calculations:

Maximum Void: The records of the Colorado State Coal Mine Inspector
show'that a total of 5,941,720 tons of coal were produced from Leyden 
Mine during its operating life. Density tests on samples of coal 
from the Leyden seam show an average density of 84.9t^/cu. ft.

Therefore,
5,941,720"x 2.000#/ton 

ft.---------
= 140 M^cf of void

Available Void: The available void in Leyden Mine is somewhat less
than 140 M^cf due to subsidence and water encroachment in the .cavern. 
Injection-withdrawal tests 'conducted during 1965 indicated the void 
to be in the neighborhood of 97 to 105 M~cf.

Added Void: After the 1965 injection-withdrawal tests, 41,202,000
gallons of water were pumped from the mine, which would add to the 
above available void.

Therefore, ■’.QQ.Q .£u • £0• = 5.5 M^cf of void
' 7.4a gal./cu. ft.

Volume Calculations: Assuming an available void of 105 M^cf plus
an added void of 5-5 M^cf due to pumping gives 110.5 cu. ft.

no q y 278 o4 oTherefore, ^ = 2,100 LTcf @ l4.65 psia

Volume Inventory: Public Service .Company records show that a net of
2,374 M2cf has been injected into the mine as of December 31, 1965.

Therefore, 2,374 M^cf
less 2,100 M2cf
L & U gas' 274 M2cf

2?7H-

PSC 039590

HNTe:f?-IOlfi:PARTMli:NT .M!!:MO-PUSUC Sli:RVBCE COMPANY OIF COLORADO 

DATE_-=F~e~b=r~u=.a=r~y---=l~,---=1~9=6=6 __ 

TO ___ ~Fr=a~nk=-~E~o---=-F=ry.>L..l.,--=Ma=n=a~g~e~r _______________ -=G~a=s_E=nog=i=n=e=e=r=in=g ______ _ 
DEPARTMENT OR DIVISION 

FROM _ _,L:::.:..-~W~-::......:B~r~o~wn~-:=..2-•~S~P:::.;e~c~i~·a~l:;:_:P~r~o~.~ie~c~t~s~En=g~i~·n~e~e~r=---------~G~a~s"---"En=g~i~n~e~e~r~i~n~g;,_ _____ _ 
DEPARTMENT OR DIVISION 

· ATTN. _________________________________________ _ 

su0J. _ _,L~e:::..yt:..::d:::.:e:::.!nc:......!Mi-=·~na:.:e:::__:S~t:::.;o~r::..:a:::..g::,;e:::...._V.:_o::c.;l::::um=-e:::...._ __________________________ _ 

Introduction: 

This memo outlines the volume c·alculations which are made at the request 
of .£1.rthur Young and Company concerning the volume of gas in storage at 
Leyden Mine on December 31; 1965 at a cavern pressure of 250.7 psig or 
278.04 psia bottom hole pressure. 

Calculations: 

Maximum Void: The records ·of the Colorado State Coal Mine Inspector 
show-that a total of 5,941,720 tons of coal were produced from Leyden 
Mine during its operating life. Density tests on samples of coal 
from the Leyden seam show an average density of 84.9#/cu. ft. 

Therefore, 5,941, 720 .. x 2,'ooo/f=/t.on _ 140 M2cf of void 
84.9#/cu. ft. -

Available Void: The available void in Leyden Mine is somewhat less 
than 140 #cf due to subsidence and water encroachment in the .cavern. 
Injection-withdrawal tests ·conducted during 1965 indicated the void 
to be in the neighborhood of 97 to 105 M2cf. ··, 

Added Void: After the 1965 injection-withdrawal ·tests, 41,202,000 
gallons of water were pumped from the mine, which would add to the 
above available void. 

Therefore, 41,202 2000 cu. ft. = 5.5 lifcf of void 
7.48 gal./cu. ft. 

Volu.me Calculations: Assuming an available void of 105 ~cf 
an added void of 5.5 l-'Fcf due to pumping gives 110.5 cu. ft. 

2-& n '-+ z. r 2,. 1-
110. 5 X 278.04 - 2 100 -~ f@ 14 65 .. 

14. E,5 - . , M-c . ps ia Therefore, 

plus 

Volume Inventory: Public Service .Company records show that a net of 
2,374 M2cf has been. inject~d into the mine as of December 31, 1965 . 

There;fore, 
. w,2 2,374 __ cf 

2· less 2,10g M cf 
L & U gas' 27! M2cf 

·-. 
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FC RM 650-22*0053 !

INTER-DEPARTMENT MEMO-PUBLIC SERVICE COMPANY ©F COLORADO

date February 1, 1966

TO______________________________________________________________________________________________________
DEPARTMENT OR DIVISION

FROM_______________________________________________I__:_________________________________________________
DEPARTMENT OR DIVISION

ATTN____________________________________________________________________________________________________

subj._____Leyden Mine Storage Volume - page 2___________________________________

Remarks:

It should be noted that the 1965 injection-withdrawal tests were based 
on readily recoverable gas volumes and that the above 27^- M^cf may be 

permanently lost to thief formations. Additional testing at Leyden 
Mine during 1966 should help to determine whether or not this gas may 
be recovered.

L. W. Brown
Special Projects Engineer

LWB:hp

Concurrence:

System Planning Engineer.

PSC 039591

,. 

.. 
', FC. qM 650-22-0056 

INYER-DEPARTMENT MEMO-P.UBLIC SERVICE COMPANY OF COLORADO 

DATE ___ F_e_b~ru"-=a~r=y,__l_,_,_1_9~6_6 __ 

TO ___________________________________________ _ 
DEPARTMENT OR DIVISION 

FROM-------------------'--------------------------
DEPARTMENT OR DIVISION 

ATTN. __________________________________________ _ 

SUBJ. --~Le=~e:..Y;wd,,,_,e,.,n""--"M""1""'· n.,,,e,,__...S.,_t,,,.,o""'r,,_,a,,,.,g:;,;e"--V.,_,o""'· l,:.,um=e,:._-__JP~a:1:g~e~2=----------------------'------

Remarks= 

It should be noted that the 1965 injection-withdrawal tests were based 
on readily recoverable gas volumes and that the above 274 M2cf may be 
permanently lost to thief formations. Additional testing at Leyden 
Mine during 1966 should help to determine whether or not this gas may 
be recovered. 

,r/1 l rl~ rl J/i [;VVV ~ -~r'i,Lf1\_ 
L. W. Brown 
Special Projects Engineer 

LWJ3:hp 

Con~t; t~ 
' System Planning Engineer. 

PSC 039591 
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December 29 > 19&*- 

T. A. lost 

G. Paul Cook

Property Accounting 

Gas Engineering

Adjustment of Gas Volume in Storage at Leyden

This memo is to advise you that ve- have been unable to arrive at 
any definite loss of gas from Leyden and recommend that the volume in 
storage not be adjusted at this time.

We have taken all of the data for 1963 ana I96U and computed the 
volume that should be in storage by several methods. The results do not 
correlate with each other or with'the measured'’volume in storage.

We vri.ll continue to pursue this problem and will advise you yhen ye' 
feel that v?e have determined an accurate adjustment figure.

G« Paul Cook
Special Projects Engineer -

GPC:hp

Approval: •

ft * 1C
R. E. Kelly

Manager of Gas Engineering

PSC 039593

D'ecember 29; 1964 

T •. A .. Jost 

G. Paul Cook 

-------

Prdpe~y:Accounting 

Gas Engtneering 

Adjustment of' Gas Volume :b1 Storage at Leyden 

This memo i~ to advise you that ve·bave been unable to arrive at 
any definite J.o·ss of gas from· Leyden and recommend that the vol.ume in 
stora_ge not be ed,1usted at this time •. 

We have taken·aJ.i of the data for 1963 and 1964 and computed the 
volume that s~..014d be in storage by i;;eve.ral methods, The· resu.l ts do not 
COlTelate i.l th each othel" or, with• the measure(f Volume in storage._ 

We 1-1111 contin~e to pursue this proQlelli and will advise you when we· 
feel that we have determined an ~ccurate adjustment figure. 

GPC:hp 

Approval: 

or. ~- !<. . 
R. E. Kelly 

Mana:gez- of Gas Engineering 

G. Paui Cook 
Special Projects Engineer -

Psc 039593 
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I
REVIEW

I
OF VERIFICATION OF INVENTORY

j s i i ,
j / •' »• Jl

C <^^5 • /4iZ.T7c«fe.j- ^

7 7

Highlights of all reports and pertinent data for 

the period 1952 through 1961 that was gathered by the Sub

committee on Verifying Inventory under Harry Hoover during 

his term as chairman, 1960-61.

✓

* o>

PSC 039594
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REVIEw OF VERIFICATION OF INVENTvdY 

J ," .j ,,, ·•' 
, ,~ .•) a\ •I,, •, I •t 
·~• . , .. \, ,. l- "" 

/ 

( PIA-5. 4,?.:nc4t;.:;- ) 

J;6)c 7 7 

Highlights of ,all reports and pertinent data for 

the period 1952 through 1961 that was gathered by the Sub-

committee on Verifying Inventory under Harry Hoover during 

his term as ch~irman, 1960-61. 

---'--~ 
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81$ of the companies measure gas in and out of 

storage in accordance with AGA Measurement Report #3.

All companies subtract from inventories "Loss and 

Use"- gas. These are as follows:

1. Gas 1 OSS due to line leakage.

2. Gas loss due t o purging lines.

3... Gas loss due to blowing drips.

b» Gas loss due t o blowing and swabbing drips.

5. Gas loss due to- well leakage.

■ 6. Gas 1 03 S due to well repairs.

7. Gas used to makei well repairs.

8. Gas used by customers supplied from storage system.

9. Gas loss due t o blowing well during well completion

10, Gas used as fuel. during drilling.

Various Methods of Verifying Inventory

I„ At the close of injection season, approximately November 1 

each year, an individual shut-in well head pressure is 

taken with dead weight testers at each well every 2b. hours 

until the pressure has stabilized across the entire field. 

From previous operating experience, the volume per pound 

pressure has been established. From this the volume of-' 

gas in storage is calculated.

This is then compared with 'volume of gas in storage as a 

result of metering in and out after all losses have been 

subtracted.

. -i -

PSC 039596

·, 
·~--- -------------------

81% of the companies measure gas in and out of 

storage in accordance with AGA Measurement Report #3. 

All companies subtract from inventories "Loss and 

Use"· gas. These are as follows: 

l. Gas 1 oss due to line leakage. 

2. Gas loss due to purging lines. 

J., Gas loss due to blowing drips. 

4., Gas loss due to blowing and s--:.·rnbbing drips. 

5o Gas loss due to--well lealrnge. 

60 Gas loss due to well repairs. 

7. Gas used to make well repairs. 

Bo Gas used by customers supplied from storage system. 

9o Gas loss due to blowing well q.uring well completion. 

10., Gas used as fuel during drilling. 

Various Methods of Verifying Inventory 

L, At the close .of injection season, approximately November :J_ 

each year, an individual shut-in well head pressure is 

taken with dead weight testers at each well every 24 hours 

until the pressure has stabilized across the entire field. 

From previous operating experience, the volume per pound 

pressure has been established. From this the volume o~ 

gas in storage is calculated. 

This is then compa~ed with ~~olume of gas in storage as a 

result of rneterine in and out after all losses have been 

subtracted. 

pSC 039596 
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If calculated volume is less than the metered volume, then 

it is assumed that a loss has occurred and steps are 

immediately taken to determine cause of loss and correct 

the condition.

II. From the beginning of the original "output" cycle the

volume of gas removed was very accurately accounted for 

and from time to time shut-in pressures were recorded.

This procedure made it possible to get a ratio between 

"volume" and "pressure drop" which is used to calculate 

' the change in pressure due to gas "stored" or "withdrawn" 

in a designated period. Thus, a means of determining the 

‘ storage gas inventory was arrived at.

It is believed by us that in order to verify the inventory 

another method of obtaining a pressure to compare with the 

calciilated pressure is necessary. In order to arrive at 

a pressure independent of the calculated pressure twice; 

annually^the fields are shut-in for a three weeks period 

and shut-in pressures are recorded for each well. The 

average shut-in pressure is then computed and compared 

with the calculated pressure. If the two pressures are 

comparable within practical limits it is believed that the 

inventory is correct.

III. In addition to the measurement of all gas into and out of
* ■€>

storage, we have attempted to take shut-in pressures of the 

wells in each storage project twice each year. Once at 

what is considered to be the end of the input period and the

PSC 039597
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If calculated volume is less than the metered volume, then 

it is assumed that a loss has occurred and steps are 

immediately taken to determine cause of loss and correct 

the condition. 

II. From the beginning of the original II output" cycle the 

volume of gas removed was very accurately accounted for 

and from time to time shut-in pressures were recorded.. 

This procedure made it possible to get a ratio between 

11 volume 11 and "pressure drop" which _is used to calculate 

the change in pressure due to gas 11 stored 11 or "withdrawn" 

in a designated period. Thus, a means of determining the 

' storage gas inventory was arrived at. 

It is believed by us that in order to verify the inventory 

another method of obta~ning a pressure to compare with the 

calculated pressure is necessary. In order to arrive at 

a pressure independ-ent of the calculated pressure twice 1 

annually the fields are shut-in for a three weeks period 
J 

and shut-in pressures are recorded for each well. The 

average shut-in pre~sure is then computed and corapared 

with the calculated pressure. If the two pressures are 

comparable within practical limits it is believed that the 

inventory is correct. 

IIIo In addition to the. measurement of all gas into and out of 
• 4> 

storage, we have attempted to take shut-in pressures of the 

wells in each storage project twice each year. Once at 

what is considered to be the end of the input period and the 

PSC 039597 



other test at the end of the output period. Iso-Baric 

maps are then made.from the well pressures taken and a 

weighted average pressure of the pool arrived at for each 

input and output period. This average pressure and the 

volume of gas per pound rise or fall enables us to make a 

check against the volume of gas in each pool as shown on 

the inventory.

IV. The problem of verifying the gas in storage of the under

ground gas storage system of the Company both from an 

accounting and operating standpoint is as follows:

Throughout the Company's storage system 7-day pressure 

recording gauges are maintained at each individual well 

(input and output wells). Each year we have experienced 

a period of inactivity at which time neither gas is being . 

injected nor withdrawn, thus giving sufficient time to 

obtain a rock pressure which can be checked against previous 

corresponding rock pressures and volumes. Actually rock 

pressures and volumes are checked against an established 

so-called base curve which has been constructed on data 

obtained during the initial storage years; namely, a curve 

plotted on total gas placed in storage with corresponding 

shut in rock pressures, to or approximately to, the 

maximum rock pressure at which storage pools are to be 

operated, and by accounting for loss of gas during an input 

and output cycle, the base curve should check each succeed

ing year's cycle.

PSC 039598

V. It is our practice to compare these metered inventories

other test at the end of the output period. Iso-Baric 

maps are then made .f.rom the well pressures taken and a 

weighted average pressure of the pool arrived at for each 

input and output period. This average pressure and the 

volume of gas per pound rise or fall enables us to make a 

check against the volume of gas in each pool as shown on 

the inventory. 

IV. The problem of verifying· the gas in storage of the under

ground gas storage system of the Company both from an 

accounting and operating standpoint is as follows: 

Throughout the Company's storage system 7-day pressure 

recording gauges -are maintained at e ach individual well 

(input and output wells). Each year we have experienced 

a period of inactivity at which time neither gas is bei'ng 

injected nor withdrawn, thus giving sufficient time to 

obtain a rock pressure which can be checked against previous 

corresponding rock pressures and volumes. Actually rock 

pressures and volumes are checked against an established 

so-called base qurv~ which has been constructed on data 

obtained durinG the initial storage years; namely, a curve 

plotted on total gas placed in storage with corresponding 

shut in rock pressures, to or approximately to, the 

maximum rock pres sure at 1~h ich st oraee pools are to be 

operated, and by a~bounting for loss of gas durinc an in?ut 

and output cycle, the base curve should check each succeed

ing year's cycle. 

PSC 039598 

V. It is our oractice to compare these metered inventories 



and actual pressures from year to year so that we might 

assure ourselves that gas has not been lost dtie to migra

tion in the storage sand or by escape to thief sands. This 

comparison is determined by gas per pound studies. In a 

calculation such as this, the pressure is the critical 

factor and the well pressures are determined by using the 

weighted average pressure method. By this method pressures 

are contoured on pool area maps and the various pressure 

areas determined by planimeter. Upon calculation of 

weighted average pressure this figure is divided into the 

inventory and the gas per pound calculated. It is obvious 

that any excessive loss of gas would cause the gas per 

pound figure to steadily increase over a period of time.

It has been found that the most reliable pressures are those 

available at the conclusion of the injection season after a 

seven day shut-in period.

The various combinations to be derived from such classifi

cations is almost innumerable, and the many and radically 

different types of reservoirs and their behavior as storage 

pools suggest that verifying storage inventory has no 

simple solution. No one method appears applicable in all

cases- PSC 039599

Our own company has favored the use of coning curves, to 

the extent possible,' in determining reservoir loss, generally 

plotting on coordinate paper the book quantity of gas in 

storage as the ordinate and the observed reservoir pressure 

as the abscissa, and thus preparing graphs showing the record 

of successive annual storage cycles on the various pools.

and actual pressures from year to year so that we might 

assure ourselves th~t gas has not been lost due to migra

tion in the storage sand or by escape to thief sands. This 

comparison is determined by gas per pound studies. In a 

calculation such as ~his, the pressure is the critical 

factor and the well pressures are determined by using the 

weighted average pressure nethod. By this method pressures 

are contoured on pool area maps acd the various pressure 

areas determined by planirneter. Upon calculation of 

weighte~ average pressure this figure is divided into the 

inventory and the gas per pound calculatedo It is obvious 

that any excessive loss of gas would cause the gas per 

pound figure to steadily increase over a period of time. 

It has been found that the most reliable pressures are those 

available at the c9nclusion of the injecti~n season after a 

seven day shut-in period. 

VI. The various combinations to be derived from such classifi

cations is almost innumerable, and the many ~nd radically 

different types of. r_eservoirs and their behavior as storage 

pools suggest that verifyinG storage inventory has no 
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Our own company has favored the use of coning curves, to 

the extent possible,' in determininG reservoir loss, generally 

plotting on coordinate paper the book quantity of gas in 

storage as the ordi~ate and t~e observed reservoir pressure 

as the abscissa, and thus preparing graphs showing the record 

of successive annual storaec cycles on the various pools. 
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The best points of comparison appear to be at the end of 

the input cycle and .end of withdrawal cycle, where in each 

case it is desirable to permit reasonable stabilisation of 

pressure before final pressure data are determined, since 

varying rates and seasonal distribution of input and output 

affect the position of the curve. Generally also like 

portions of successive annual curves, where input and 

withdrawal rates for considerable periods are similar, give 

a fairly practical but less desirable basis for comparison.

Migration upward of the curve occurs in .most instances in 

the early history of a reservoir due to the filling of the 

edges of the' pool and the lower permeability portions cf the 

sand; also the pushing back of bottom or edge water until 

relative stability is accomplished within the pressure range 

adopted for use year after year. The period of such curve 

migration varies with the degree and distribution of 

permeability and the extent and nature of water intrusion, 

and, as we all know, nay continue for some years. After 

stability has been attained within the pressure range 

adopted, migration of the curve ceases, unless there is 

actual reservoir loss at the time, in which case it will 

still continue until such reservoir loss ceases. The migration 

of the curve may from the beginning be due to both filling 

of the remote parts of the reservoir and reservoir loss, 

which complicates the problem and use of the method, or, for 

that matter, any other method that might be used to deter

mine storage inventory.
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VII, Our method of verification is as follows: The volumes

injected, less the volumes withdrawn, produced by oil wells, 

produced by migration, replacing fluid production (dependent 

on pressure in the formation) both on storage property and

• migration area, the volume in the migration area secondary 

gas cap (above pressure at start of migration) gives the 

net volume in storage.

Surface pressures of the storage wells are converted to 

bottomhole pressures by adding weight of column of gas and 

correcting for deviation. Bottomhole bomb runs determine 

the presence of any fluid that would alter the surface 

readings.

The volumes in storage plotted against corresponding 

bottomhole pressures gives us a hysterisis type loop series

• of curves that fall continuously within the same pattern.

The axial line of this loop pattern being the equivalent of 

the volume-pressure relationship of an open container of 

comparable size.

The accuracy of these calculations is reflected by the curve. 

Migration was discovered by this method because we were 

progressively having larger volumes indicated to be in 

storage at equivalent pressures. Conversely, progressively 

smaller volumes in storage at equivalent pressures would be 

indicative of a shrinking reservoir as would be the case if 

active high head edge waters were present.
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Two viewpoints for the solution of the problem of storage 

inventory verification have developed:

1. Pressure-voluae relationship, per se, through 

the development of some kind of mathematical 

formula which will reduce to a common denominator, 

the many variables of different storage reservoirs.'

2. The recorded orifice meter volumes, accepted by 

the industry, properly corrected for known 

(necessary or unavoidable) "loss and use" gas.

Proponents of the first of these viewpoints are, for the 

most part, prone to oversimplification of the problem by 

reason of non-operating experience and background. It is 

the opinion of some, storage operating people that the use 

of pressure-volume relationship as an accurate check of 

metered volumes of gas in storage is of doubtful value for 

the following reasons:

1. The use of the metered volumes in pressure-

volume calculations as proof of the unreliability 

of the same metered volumes is not an accepted 

mathematical practice.

2 The necessary variation in the manne 

reservoirs are operated from season 

cause wide variation in observed roc 

comparable stored volumes. (This is 

pressure .stabilization time.)

r storage 

to season could 

k pressures for 

a problem of
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3. The fact that the many unknown physic3l properties 
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of a storage reservoir must by their very nature, 

remain forever a mystery. Some of these unknowns 

are - the true areal extent of the reservoir, the 

thickness of the sand and its "pay'1 section between 

wells, the exact values of porosity and permeability, 

the degree of liquid saturation of the reservoir, 

the rate of progress, if any, of secondary deposi- 

tional processes, and the question of at what 

pressure differential in reservoirs in so-called 

capillary control, does certain portions of unknown 

size and shape become useful for the storage of gas. 

The assumption of values for these unknowns in any 

formulae devised to calculate storage inventory 

allows for the introduction of great errors.

U. Where gas is metered into groups of storage wells 

the volume of gas stored in each well is not known, 

so it is impossible to weight the rock pressure of 

individual wells into the average rock pressure 

according to the volume of gas stored in each well. 

The arithmetic average of the rock pressure of such 

a group of wells is not necessarily a true reflec

tion of the total volume (stored gas plus native 

gas reserves).
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Those in the industry utilizing the method described by the 

second viewpoint contend that the orifice meter is accepted 

as the "cash register" of the gas busine'ss. From the 

producing gas well to the domestic customer's curb box 

(usually hundreds of miles apart) gas is sold and purchased,
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in some instances many different times, on the basis of 

recorded orifice meter chart data, which is corrected for 

temperature, gravity, deviation from Boyles Law, etc.

In the operation of an underground storage program the 

additional corrections, made for "loss and use" gas, (which 

is in most cases necessary and in all cases unavoidable) 

are not made to correct the proved accuracy of the orifice 

meters but as an adjustment of the accurately metered volumes 

known as, the balance remaining in storage. This obviously 

is a necessary adjustment, since any gas lost or used after 

measurement into storage or before measurement from storage 

is chargeable to the balance remaining in storage or inventory

Rock pressure tests are considere.d to be an important tool 

to be utilized in the refinement and revision of storage 

estimates concerning storage capacity and deliverability, 

as well as to indicate the need for, and the best location 

of additional wells, by showing the path of gas migration 

within the storage reservoir. In additon, such pressure 

studies are of value in the discovery of one or two of the 

dozen or more potential sources of "losses" which must be 

accounted for as '.'loss and use" gas.

In effect, this second viewpoint places the sole responsi

bility for the determination of the amount of storage losses 

squarely upon the engineering, geological and operating 

personnel. This group of operating people are usually 

• responsible for the original .selection of reservoirs to be 

utilized for storage purposes, most familiar with the native '
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production, and storage history, and best qualified to 

evaluate the many factors involved in the determination of 

all storage "loss and use" volumes of gas to be reported 

for proper accounting.

VIII, For inventory control purposes, simple coning curve

graphs, plotted on coordinate paper, are used. Gas in 

storage (MCF) is shown as the ordinate against which is 

plotted wellhead reservoir pressure (pounds) as the 

abscissa. One or more annual cycles may be shown on a 

single graph, each such cycle consisting of an input 

curve and its companion withdrawal curve.
PSC 039605

The brief discussion of the method given below, generalized- 

and somewhat idealized, is based on our experience in its 

use in connection with small reservoirs originally containing 

dry gas. The method has been found to be satisfactory in 

the case of high fairly even permeability pools, and in low 

fairly even permeability.pools after the latter have become 

stabilized within the maximum pressure range of use.

Obviously, if the method were applied to gas stored in a 

tank, empty at the start, and then filled with gas to some 

pressure, say 100 pounds, and the gas subsequently with

drawn, the quantities accurately measured in and out, 

pressures, observed at say 10 pound intervals, and measured 

quantities of gas then in the tank calculated at each such 

observed pressure point, the plotted results would show a 

straight line; (Fig. l) since the reservoir would be a 

single open space with practically immediate adjustment of

production, and storaGe history, and best qualified to 

evaluate the many factors involved in the determination of 

all storage 11 loss and use" volumes of gas to be repor~ecl 

for proper accountinge 
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abscissa. One or more annual cyclqs may be shown on a 

single graph, each such cycle consisting of an input 

curve and its companion withdrawal curve. 
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pressure throughout.as gas was injected and withdrawn.

When a reservoir rock is substituted for the tank, however, 

the effective reservoir becomes a complex maze of small 

connected spaces of irregular shape and size, and pressure- 

volume adjustments throughout the reservoir take place more 

slowly. The input' and withdrawal curves plotted in the 

above mentioned manner, both depart from the straight line 

and show a coning curve, with the degree of departure from 

the normal curve or straight line depending .on the permeabi

lity of the reservoir. The lower the permeability, the 

greater the departure from the normal curve.

In the case of a pool where high even permeability exists, 

and gas is injected and withdrawn- at a reasonably even rate, 

such a curve appears as shown in Figure 2. As drawn, such 

curve indicates no gas loss from the reservoir, since the 

output curve returns properly in each cycle to the average 

curve (straight line) which extends through the zero Q and 

P point on the graph, and each succeeding input curve follows 

the pattern previously established, except the forepart of 

the first.

However, in the case of a high even permeability pool, where 

the output curve fails to return to the normal curve, loss 

of gas is both apparent and actual; (Figure 3) and the 

approximate magnitude of the loss is indicated on the Q scale 

at point (a). Should such loss continue, the curves repre

senting successive annual cycles will migrate upward in the 

pattern of Figure U; showing on. scale Q the approximate
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annual loss for each successive cycle; and such migration 

will continue indefinitely until the cause of loss is 

removed.

In the case of a low fairly even permeability pool, coning 

curves plotted in a similar manner will fail to close in the 

first and possibly several succeeding cycles, thus indicating 

apparent loss which may not be actual. A typical case is 

shown in Figure 3>. In this case there was apparent loss 

during the first four annual cycles, the quantity of such 

loss decreasing in each succeeding cycle, until in the fifth 

the coning curve closed, showing no apparent loss. In this 

instance it is reasonable to assume that there has been no 

actual loss of gas from the commencement of the operation, - 

but instead the building up of a cushion required in the low 

permeability reservoir to stabilize behavior within the 

pressure range shown.-

In such case, where there is no actual gas loss, a graph 

prepared on coordinate paper, on which time is plotted against 

the quantity of gas in storage per pound reservoir pressure 

for some pressure common to the several annual cycles 

(1) near the beginning of each input cycle and (2) near the 

beginning of each withdrawal cycle will appear as in Figure 6.

Should these curves fail toflatten in the manner shown, gas 

loss not only apparent, but actual, is indicated.

Other cases, depending on the degree of permeability, may 

fall between the two shown; or may fall beyond the second.

In general, it may be said that, other conditions being eoual,
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the lower the permeability, the longer will be the time 

required to fill the more remote portions of the reservoir 

and effect stability of behavior of the pressure volume 

relationship.

Where leakage has been suspected or known to exist in a

reservoir, we have in a few instances shut in all wells in

the pool at the end of a withdrawal season, disconnecting

the wells from the pipeline to avoid any possible leakage at

the well, and have taken pressures on each well at intervals

of a few days. The total time required each day to take the

pressures of all wells in a pool with the same dead weight

gauge has been less than two hours, so that each set of

results might practically be considered as taken simultaneously

Each group of pressures, corrected f or variations in atmospheric

pressure, has been shown on a separate base map of the poo!!.

and the pressures contoured. In addition to these maps,

others have been prepared showing changes in pressure from

one observation date to the next, or for some longer time 

■»
interval. Such maps have been effective in pinpointing 

leakage within the reservoir area.

We have not developed any special forms for reporting gas

blown from wells or otherwise lost in the field, but have

depended on informal records of such loss as has been known

to occur, based on estimates of quantity.

•<?
We have had no difficulty in satisfying auditors or F.P.C, 

in connection with verification of storage inventory, 

supported by the engineering data periodically prepared,
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generally in the manner above discussed.

For proper inventory control, we believe that in addition to- 

correction for specific gravity, corrections for temperature' 

and supercompressibility should of necessity be applied’ to 

the quantities of gas measured into and out of storage..

Failure to make such corrections, particularly that for 

temperature, may in time result in the accumulation of 

considerable apparent loss which actually is gas measurement . 

discrepancy.

It is certainly true that pressuresobserved at the wells 

reflect the volume of gas in a storage reservoir, and it is 

standard practice in our operations for both '’internal11 and 

"external" Auditors to^ spot check rock pressure tests in the 

field at the time of maximum volume in storage in the Fall, 

and again in the Spring, when volumes and pressures are at 

the annual low point. These pressure tests are made at the 

well-head of each well with a bourdon tube type spring test 

gauge which has.been calibrated with a dead-weight tester 

prior to each test,period. All wells tested are active storage 

wells since no observation wells for pressure purposes are 

kept shut-in. In our early storage history (1937 to 19U0) 

it was the policy to t alee pressures by this method for periods 

of shut-in of 2U, U8 and 72 hours, but experience showed that 

changes from the 2U .hour test were negligible in the U8 and 

72 hours tests. In other words - apparent stabilization of . 

well-head pressures of the individual wells was, for all 

practical purposes, attained by only a 2U hour shut-in. It
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also brought forcebly to our attention that storage 

operations had become such an important phase in balancing 

supply and demand over large areas, that the economic 

factor alone, more or less, required prolonged'shut-down 

time of storage wells be held to a minimum.

In our storage operations these semi-annual pressure tests 

are considered as one of the "tools" to be utilized in the 

refinement of storage estimates of capacity and deliverability 

as well as the location of additional wells, etc., since 

these pressures are an indication of paths of stored gas 

migration within the storage reservoir. At this point 

in this summary, i.t ■ should be made clear that in the request 

for another survey of procedures used in verification, the 

list of the type of information requested, item four 

"Observation of pressure for determining possible migration 

or leaks•in the field" - the use of the word "migration" as 

synonymous with "leaks from the field" shows an appalling 

lack of understanding of the mechanics of underground storage. 

The only reason underground storage is possible is because 

of the phenomena of radial migration of gas from the well

bore at the sand face out into the reservoir during input 

and radial migration from the reservoir to the well-bore 

when the pressure differential is reversed, during output.

Such misuse of the term "migration" can only further confuse 

accounting personnel.

The reservoirs utilized for storage by this company are 

irregular shaped, lenticular sand bodies which have contained
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, time of storage wel1s be held to a minimum. 

In our storage operations these semi-annual pressure tests 

arc considered as one of the 11 tools 11 to be utilized in the 

refinement of storage estimates of capacity and deliverability 

as well as the location of additional wells, etc., since 
·• . 

these pressures are an indication of paths of stored gas 

migration within the storage reservoir. At this point 

in this sumnary, it-should be made clear that in the request 

for another survey of procedures used in verification, the 

list of the type of information requested, item four 

'1 0bservation of pressure for determining possible r:1igration 

or leaks-in the field" the use of the word "migration" as 

synonymous with 11 leaks from the field 11 shows an appalling 

lack of understa~ding of tha mechanics of underground storage. 

The only reason underground storage is possible is because 

of the phenomena br radial migration of gas from the well

bore at the sand face out into the reservoir during input 

and radial migration from the reservoir to the well-bore 

when the pressure differential is reversed, during output. 

Such misuse of the terr:1 11 migration 11 can only further confuse 
., 

accounting personnel. 

The reservoir5 utilized for storage by this conpany are 

irregular shaped, l~nticular sand bodies which have contained 
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their native gas for unknown eons of geologic time - 2h sub- 

projects in reservoir rocks of Silurian Age, and 1 sub-pro

ject in reservoir rock of Devonian Age. In each of these 

reservoirs the lateral migration of the original native gas 

(as well as presently stored gas) is confined by the "pinch- 

out" of the porous and permeable sandstone lens and is known 

to be isolated by the drilling of wells containing no sand, 

or in which the pressure history varied sufficiently from 

that of the storage reservoir to insure complete separation. 

■Sufficient perimeter acreage is secured and charged to 

storage operations, and adjacent producing wells are controlled 

by our company in order to protect against any errors in 

judgment of pre-storage definition of areas.

Because the lateral migration of stored gas is confined 

hy the lens-like nature of the reservoir in these "outliers" 

or "islands" of "Clinton" sandstone and it must be conceded 

that it is possible, in a very few instances, to mis-judge 

the actual extent of that sand body from available data; 

we allow for that possibility when storage experience so 

dictates, and enlarge the area to include any such well, 

adjusting capacity and deliverability estimates accordingly. 

From the above information it is plain to see that there is 

little or no possibility for reservoir leakage laterally.

The only other possible source of reservoir leakage then is 

vertically. Here again, ifl^our operations, it has been 

observed that no such leakage has occurred. One proof lies in 

the fact that appr oximately one half of the storage wells

now in use were drilled for storage purpose. In the drilling
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(as well as presently stored gas) is confined by the "pinch

out" of the porous and permeable sandstone lens and is known 

to be isolated by the drilling of wells containing no sand, 

or in which the pressure history varied sufficiently from 

that of the storage reservoir to insure conplete separation. 

Sufficient perimeter acreage is se~ured and charged to 

storage operations, and adjacent producing wells are controlled 

by our company in order to protect against any errors in 

judgment of pre-storage definition of areas. 

Because the late~a~ _migration of stored gas is confined 

by the lens-like nature of the reservoir in these "outliers" 

or II islands II of "Clint on II sandstone and it must be c onced.ed 

that it is possible, in a very few instances, to mis-judge 

the actual extent of that sand body from available data; 

we allow for t_hat P'?ssibility when storage experience so 

dictates, and enlarge the area to include any such well, 

adjustine cap.acity and deliverab_ility estimates accordingly. 

From the above information it is plain to see that there is 

little or no possibility for reservoir leakage laterally. 

The only other possible source of reservoir leakage then is 

ve~tically. Here ~gain, in~our operations, it has been 

observed that no such leakage has occurred. One proof lies in 

the fact that approximately one half of the stora~e wells 

·now in use were drilled for storage purpoDe. In the drilling 
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of approximately 500 wells from the surface to and through 

the storage reservoirs, (some after 15 years of storage 

experience) never, in even one instance, was storage gas, 

(determined by analysis) or storage pressure encountered in 

any shallower or deeper form tion. This is sufficient proof 

to us that our storage reservoirs are "gas tight" for 

storage use up to and including a pressure equal to the 

maximum reservoir pressure present when the first original 

or native gas producing well was drilled. In none of our 

operations have maximum original pressures been exceeded.

The only other source of reservoir leakage is the wells drilled 

for native gas production and plugged and abandoned before 

storage started. Subsurface leakage; from this source, has 

not been known to occur since the-500 wells drilled for 

storage have never encountered storage gas in any shallower 

formations. Surface losses to the atmosphere, if any had 

occurred, should be readily discovered by changes in vegetation 

in the vicinity of such a will site. This company has not 

made its policy to include the re-drilling and re-condition- 

ing, or re-plugging of all abandoned wells in storage areas, 

but in a few instances, where part of the tubing or small 

size casing was abandoned in an old well, they have been 

drilled out, such material removed, the hole redrilled 

where necessary, the sand face cleaned up and the well re

equipped for storage use. In each such instance during
l

cleaning our operations it has been found that no gas is 

present, and that it is only after extensive work with fresh 

water cleaning-up of the sand face that such wells respond

and show signs of communicating with the storage reservoir.
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This is believed due to the slow but continuous process of 

deposition of heavy hydrocarbon materials, salt crystals, 

mud, black brackish water, etc. near the face of the sand 

during the native production history from the radial flow 

of gas into the well-bore at ever decreasing pressure 

differential through the years of the life of such wells, 

plus the likelihood of cavings between the packer setting 

and thef ace of the producing formation, along with the 

probable seepage of water around the packer from prolific 

salt water bearing formations above.

From the foregoing discussion it is apparent that in the 

underground storage operations of this company there is no 

known underground loss of stored gas either to thief for

mations or to the atmosphere from plugged and abandoned 

wells.
PSC 039613

Many more reasonable and more easily understood facts are 

available to show those without operating experience that 

stored gas is recoverable. For instance, in one of our 

storage projects nearly one billion cubic feet of gas was 

stored, and during the ensuing output period all stored gas 

withdrawn, the wells transferred from storage to regular, 

and 390 million cubic feet of native gas withdrawn and sold'. 

The follovring summer these wells were again transferred to 

storage use. Of course, the starting pressure when 

storage began was high enough in this instance to recover 

all stored gas in one output cycle, it would take pro

portionately longer periods of time to obtain the same result

in reservoirs in which the cushion gas volumes were greater.

This is believed due to the slow but continuous process of 

deposition of heavy hydrocarbon materials, salt crystals, 

mud, black brackish water, etc. near the face of the sand 

during the native production history from the radial flow 

of gas into the well-bore at ever decreasing prEssure 

differantial through the years of the life of such wells, 

plus the likelihood of cavings between the packer setting 

and the face of the producing formation, along 1dth the 

probable seepage of water around the packer from prolific 

salt water bearing formations above. 

From the foregoing discussion it is apparent that in the 

undergrounq storage operatio_ns of this company there is no 

known undergro-..ind loss of stored gas either to thief for

mations or to the atmosphere from plugged and abandoned 

wells. 
PSC 039613 
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stored, and durinG the ensuing output period all stored gas 

withdrawn, the wells transferred from storage to regular, 

and 390 million cubic feet of native gas withdrawn and sol~. 
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Another fact: in one storage sub-project with capacity

for 6 billion cubic feet of stored gas at t op operating 

storage pressure, there has been stored a total of 30 

billion cubic feet and withdrawal of 2h billion cubic feet 

over a period of 1$ years, and the maximum volume of gas in 

storage last fall was 6 billion cubic feet (reasonably near 

top pressure) ready to deliver gas at a rate of 85 million 

cubic feet per day.

In the over-all picture since the inception of storage 

ope rations in the year 1936, through 195I|j more than 300 

billion cubic feet of gas was placed in storage, and during 

the same period more than 200 billion cubic feet has been 

delivered to markets.. The remaining 100 billion now in storage- 

is capable of delivering (through.existing pipeline facilities), 

approximately one billion cubic feet of gas on the peak 

demand day of the current output cycle this winter. (195U-55)

The so-called "problem" of storage inventory verification 

really boils down to a problem of mutual understanding of

the vagaries of storage reservoir phenomena.

j

The following applies to an aquifer type reservoir.

This company is very new at gas storage in water filled 

sands. Our present thinking is to tie volume, as represented 

by the elevation of the gas-water contact, to density of the 

gas as represented by a well head pressure to be corrected 

to the elevation of the mid point of the gas bubble. Sight 

water level observation wells are planned to intersect the 

stored gas bubble at a distance averaging 3/It miles apart.

PSC 039614
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Another fact: in one storage sub-?roject with capacity 

for 6 billion cubic feet of stored gas at top operatinc; 

storage pressure, there has been stored a total of JO 

billion cubic feet and withdrawal of 24 billion cubic feet 

over a period of 15 years, and the maximum volume of gas in 

storage last fall was 6 billion cubic feet (reasonably near 

top pressure) ready to deliver gas at a rate of 85 million 

cubic feet per day. 

In the over-all picture since the inception of storage 

o~ rations in the year 1936, through 1954, more than 300 

billion cubic feet of gas was placed in storaGe, and during 

the same period more than 200 billion cubic feet has been 

deliyered to markets., The re~aining 190 billion now in storage· 

is capable of delivering (through.existing pipeline faciliti~s), 
, 

approxiNately one billion cubic feet of gas on the peak 

de~and day of the current output cycle this winter. (1954-55) 

The so-called "problem 11 of storage inventory verification 

really boils down to a problem of mutual understanding of 

the vagaries of storage reservoir phenomena. 

The following applies to an aquifer type reservoir. 

This company is very ne~ at gas storage in water filled 

sands. Our present thinking is to tie volume, as re pre !.ient ed 

by the elevation of the g~s-water c~ntact, to density of the 

gas as represented by a well head pressure to be corrected 

to the elevation of the mid point of the gas bubble. Eight 

water·level observation wells are planne1 to intersect the 

stored gas bubble at a distance a7eraeing 3/4 mile~ aparto 
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He feel that a gas contract area of some 2,3>00 to 3,000 

acres will not maintain a flat surface, definitely during 

injection or withdrawal and probably not after reasonable 

periods of shut-in. The water-level observation wells are 

planned to be cased through to total depth of known closure 

of the structure and perforated so as to always stand 

full of water. Hat-er levels observed in these wells during 

injection and withdrawals are expected to yield useful 

information as to how the sand reservoir is responding to 

such use. A water level in the reservoir would be obtained 

by neutron logging. A few years of this type of history 

when correlated with net in and out volumes should eventually 

indentify a definite volume of gas in place for each foot of 

reservoir space.

He are just now starting a drilling program to provide 

ten input-production wells for  storage field.

At the completion of these wells we expect to have our in

jection plant completed so that cushion gas can be started 

into the reservoir by May first. The observation well 

program would be provided after injection of gas has been 

assured.

The above represents our present thinking on a method to 

verify storage inventory. Thinking may change somewhat 

before actual accomplishment.
PSC 039615

The following applies to reservoirs in general.

The objective of this sub-committee is to investigate the 

methods used and if possible to formulate a standard pro

cedure for verification of underground storage inventory.
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We feel that a gas contract area of some 2,500 to 3,000 

acres will not maintain a flat surface, definitely during 

injection or withdrawal and probably not after reasonable 

periods of shut-in. The water-level observation wells are 

planned to be cased through to total depth of known closure 

of the structure and perforated so as to always stand 

full of water. ~ater levels observed in these wells during 

injection and withdrawals are expected to yield useful 

information as to how the sand reservoir is responding to 

such useo A water level in the reservoir would be obtained 

by neutron logging. A few years of this ty9e of history 

whAn correlated with net in and out volumes should eventually 

indcntify a definite volume of gas in place for each foot of 

reservoir S?ace. 

1.'le are just now starting a drilling program to -provide 

ten input-production wells for storage field. 

At the completion of these wells we expect to have our in

jection plant completed so that cushion gas can be started 

into the reservoir ~y May fir3to The observati~n well 

program iould be provided after injection of gas has been 
I 

assurede 

The above represents our present thinkin~ on a-method to 

verify storage inventory. Thinking may change someNhat 

before actaal accomplishme~t. 
PSC 039615 

The following applies to reservoirs in eencral. 

The o~jective of this sub-corn~ittee is tq investigate +, 
v!1C 

methods used and if possible to formulate a standard pro-

cedure for verification of un,18 rar o·..i.nd st oraJe in vent ory. 
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During the current year information was received from 

31 companies operating 179 storage fields in the United 

States. A summary of this data is attached.

The sub-committee met September 19, 13$$, in conjunction 

with the Kansas City meeting of the Committee on Underground 

Storage. At that time it was decided that there was not 

sufficient information available on the subject to formulate 

a standard procedure.

During the ensuing months a questionnaire requesting specific 

information on verification methods was prepared and dis

tributed by the sub-committee. Forty-six operating, 

companies were contacted. Of this number thirty-one 

returned completed questionnaires, four stated that they 

were not currently engaged in underground storage operations, 

and eleven failed to reply.

A detailed analysis of the completed questionnaires is 

presented as a part of this report. For each question a 

computation has been made of the number and percent of the 

thirty-one operators who replied in the affirmative, negative, 

or failed to reply. We feel that in most cases a failure 

to reply is equivalent to a negative answer although in 

some instances our questions were either poorly worded 

or did not lend themselves to a simple answer. pgQ 039616

Listed below are a few of the significant points revealed 

by the questionnaire for interpretation.

1. More than 70^ of the storage reservoirs currently in use 

are sand lenses which originally produced dry gas.

During the current year information was received from 

31 companies operating 179 storage fields in the United 

States. A summary of this data is attached. 

The sub-committee met September 19, 1955, in conjunction 

with the Kansas City meeting of the Committee on Underground 

Storage. At that time it was decided that there was not 

sufficient information available on the subject to formulate 

a standard procedure. 

During the ensuinH months a questionnaire requesting specific 

information on verification methocis was prepared and dis

tributed by the sub-committee. Forty-six operating. 

companies wer~ contact~d. Of this number thirty-one 

returned completed questionnaires; four stated that they 

were not currently engaged in underground storage operations, 

and eleven failed to reply. 

A detailed aP.alysis of the completed questi~nnaires is 

presented as a part of this repcrt. For each question a 

computation has been made of the number and i:ercent of the 

thirty-one operators who replied in the affirreative, negative, 

or failed to reply. We feel that in most cases a failure 

to reply is equivalent to a negative answer although in 

some instances our questions were either poorly worded 

or did no~ lend themselves to a sin:iple answer. PSC 039616 

Listed below are a few of the 3ignificant points revealed 

by the questionnair8 for interpretation. 

1. More than 70% of the stora~e reservoirs currently in use 

are sand lenses which oricinally produced dry g~s. 



2. Practically all operators make corrections for specific 

gravity, temperature, and supercornpressibility to 

volumes of gas metered into and out of storage.

3. Metered volumes are verified by reservoir calculations 

by Ql% of the operators.

U. Present methods of inventory control are considered 

satisfactory by 6l£ of the operators.

Of the operators reporting feel that a "standard

procedure" for inventory verification would be beneficial 

to the industry as a whole.

Replies to the questionnaire were received from twenty-three 

people representing twenty-six companies. These companies 

control 1UU storage fields containing p7?5 wells.-

PSC 039617
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Practically all operators ~ake corrections for specific 

gravity, temperature, and supercompressibility to 

volumes of gas metered into and out of storage. 

3. Metered volumes are verified by reservoir calculations 

by 81% of the operators. 

4. Present methods of inventory control ara considered 

satisfactory by 61% of the O?erators. 

5. Of the operators reporting 65% feel that a 11 standard 

procedure 11 for inventory verification would be beneficial 

to the industry as a whole. 

:Heplies to the questionnaire were received from twenty-three 

people representing twenty-six companies. These companies 

control 144 storage fields containing 5775 ·wells.-
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<vroeri?tion of Storage Gas Inventory

£ Id your company, does the phrase "storage inventory" include

1 Only "working gas" (i.e. volumes stored and vithdravn each year)? 3______

2 Working gas and cushion gas? l4 (Two repliero each have one field that

falls in I-A-3)
■ ■■ ..................... * * ~* * .-...I .—-r. ■ 1 1 * . ■ 1. I— II .^11. — - — I

3' Working gas, cushion gas and native gas? 6 ■

4 ‘ Some other combination? None .

a If so, please describe ______________________________________ _

Sources of and Methods Used in Obtaining Pressure Data

Do you obtain pressures at individual veils? 23 Yes If so, vbere obtained.

1 Wellhead 23 Yes If so: All wells 20 Some 3

2 Single well line 1 Yes If so: All veils Some 1

3 Bottom hole 4 Yes If so: All veils 3 Some 1

• k If answer is affirmative for either 1 or 2, are the pressures corrected

to bottom hole conditions? 12 Yes’ ■____________________________________

B Do you obtain pressures from field lines (pressure source from more than 

one veil as described on Page l)? 8 Yes________________________ •_______

1 . If so, are pressures taken at one place only? 6. At a number

of locations? 2

2 Are these pressures corrected to reservoir conditions? 1 Yes, 7 No

3 Ib the practice of taking shut-in pressures on field lines to cover 

groups of veils or an entire field more or less a standard method rather 

than taking individual veil pressures? 9 No

4 Are both methods used? _8 Yes

0 Art shut-in pressures taken at regularly scheduled Intervals? 18 Yes, 4 No,

1 No answer

1 What is the normal frequency and at what times in the year? 13 semi annual 

1 annual, ' 4 various
PSC 039621
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!)c oc.rlption of Storuie Gas Inventory .. 
A 

Xo your co;r,.::pany, doeo the phro.oe "storage iuveutory 11 include 

l . ()uly 11w-orking E;D.S" (i.e. volume a otored and wi thdrnwn. ea.ch year) 7_"'""3 __ _ 

?. Working gas and cUBhion. eno? 

falls in I-A-3) 

14 (Two repliero each have one field that 

3 · Working gas, cushion gao c..ml n.atiYc gas?. __ 6 __ · __ _ 

4 · Some other.combination? Uoce -------
a If so, please describe ---·--------------------

. . . 
n Sou.rcea of and .Methods Used in Obte.ining Preosure Data 

A Jo you obtain pressures at indiv-ldual .rells'l 23 Yea If so, '\,there ()bta.ined. 

1 Wellhead 23 Yes If 60: AL. -wells 20 So:me 3 

2 Single veil line 1 Yes If 50: All. .,,ells Some l 

3 Bottom hole 4 Yea If 60: All. '{ells 3 Some l 

4 lf aMwer is affirmative for either l or 2, are the :pressures corrected 

ta bottom hole conditions? 12 Yes 

B Do you obtain pressures from field lines (:pressure source from mo:::-e than 

one welJ. es described on ~age 1) 7 ---------------------8 Yes 

l . If BO, are ::pre_ssures taken at one :ple.ce only? -----6 At a number 

of locations? 2 -------
2 .tue these pressures corrected to reservoir conditions, __ l_Y_e_s~,~~7_N_o~·-

3 Ia the practice of taking shut-in p::-essures Qn field lines to cover 

groups of wells or an entire field more or less a standard method rather 

than taking individual well pressm;es? 9 'No 

4 A:re both methods u.sed.7 8 Yes 

(. -· 
. .,. 

.Ar-e shut-in :pressures taken at regti.larly scheduled intervals? 18 Yes, 4 Ro, 

1 No ans,,,..er 

l }~t is the norir..tl freq_uency and at ·,.th.at tirees in the ye!!..:r7 13 ::ic=.:. l?.L'1.:n.:.a.l 

l 8.!l.D.Wll, · 4 va.rioua "----~'--------------------- PSC 039621 
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p I>o you have standard lengths of time that shut-in pressures are taken? ___

. 3.6 Yes, 6 No, 1 no answer^______________________ " ______________

1' i/hat is the length of time or range in times that may be used? ,

■ Various - refer to detail sheet' _________

S Do you have permanent pressure observation wells from which the shut-in 

reservoir pressure is continuously observed? IT Yes, 4 No, 2 no answer 

Uses and Applications of the Pressure Data Obtained ‘ • Y •

A What is your primary use of this data? „ /- • •’

■ ,1 As a verification method 11 Yes, 4 No, 8 no answer__________

2 As an approximate inventory check Ik Yes, 9 n° answer___________ ___

3 In reservoir engineering studies 18 Yes, ^ no ansver______________

a Do you make any correlation of pressures with gas inventories? ___

: • ' l3 Yes, 3 no answer•■____________ ' :- - ___ '

• ' ' b Other? 11 Yes, 1 No, 11 no ansver
--------- -------------------------- * ------ — ■■■■—■ -■ - —■* ------ ' ' ' . * * '

(l) Describe Various - refer to detail sheet__________ _____ 1

j B . What pressures are used?

1 Are veil pressures alone used? l6 Yes, 4 No, 3 no answer ________

'• . . a Are veil pressures averaged by any method? 18 Yes, 3 N°/ 2 no ana

______ ___ Y. (l) Describe method used 9 Arithmetic; 6 Weighted,’

' 4 Miscellaneous, 4 No Answer, Refer to detail sheet

2 Are field' line pressures used in place of veil pressures? 1 Ye a __’

20 No, 2 No Answer___________•-j____________________________

. •' a Jf so, are these pressures averaged in any method? 3 No, 20 No- Ans

• - (l) Describe method used .Refer to detail sheet

' 3 .If permanent pressure observation veils are used, are the pressures

-obtained used in the calculation of averaged pressures mentioned
• •' **t . *

'above? 12 Yes, 7 No, 4 No Answer_________;;;______ ____ ;
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. . . 
reserv:oir pressure ia continu~u~ly ooserve~? 17 Yes, 4 N~~ 2 no e.nswer 

.. : 

Uses and Applications of tbe Pressure Data Obteined 

A What is your prima:ry us'e _of this ~ata? l --

; . 
f B 

,1 

2 

3 

• 1• • . . 
l•, 

As 

Ail 

.In 

e. 

b 

a verlfication method 11 Yes, 4:No, 8 no answer 

an a:p:proximate inventory check 14 Yes, 9 no ans....,--er ----
reservoir eng.tneering stuciies 18 Yes, 5 no ans\.cr 

Do you make any correlation of pressures with gas in-re~tories·1 

·· 18 Ye~, 5 -:io an.s,,,,.er . •. -

Other? 11 Yes, l. No; 11 ·no answ-er ..., -----....:.....---!.-----------------------
(1_) Describe Various refer to detail sheet 

Whs.t pressures are used? 

. : .. 1 Are well pressures alone used? · 16 Yes, 4 No, 3 no anG~er 

: i 

a ·J>.:re ...ell pressy.rea eYeraged by any method? 18 Yes, 3 No, 2 no c,n;;· .. -e: 

- ~-:.: _ ___: . -:· ... __ .. :-----~. ·-·---··--- .. (~) Describe method used 9 · /...ri thme·tic·; 6 Weig...hted ,· 
. . 

-: 

.... ·.: 

... : ... 

.. 
L ••,• • • 

2 

. I • 

· .-- 4 M:1.s~eUeneous·, . 4 No Ansv.er, Refer to. detail sheet 

Are fielQ line pressures used in place of ~~11 pressu.ies? l Yea 
······'· .. ' ----

·. 20 No, 2 No ftJ1S\,;er 

.. a If so:, are th.:s~ :pressures ever~ged in en:r m.ethoi? 3 No, 20 No- An.s;--;e; 
\ 

..... 
(1) Describe methcJ. used .-Refer to dete.il s:-ieet 

3 If :permanent pressure obse:rvati9n. ;tells ·ere used, are the :pressu:ces 

· obtained. used in the ca.lcule.tion of e.vereged pressures r::.eri.tion.ed 
•• .::;'"T 

above? __ 12_?_Yes, 7 No
1 

4 Ne P.ns·we:c· 
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a Are these observation veil pressures used as a substitute for an 

"average" pressure as described above? 6 Yes, 11 No, 6 No Answer

(1) Is more than one veil in a field used? 8 Yes, 3 No, 12 No Answer

(2) If more than one, are they averaged? 5 Yes, 2 No, l6 No Answer

4 la any combination of the above pressures used? 6 Yes, 7 No, 10 No Answer
i
Ia Describe method used Refer to detail sheet

—--—-----------■--—-- --------- ------------------------- 1 - I
C la there a noticeable variation in the pressure-volume relationship of any | 

one of your storage reservoirs from year to year? 18 Yes, 3 No, 2 Miscellaneous j

1 If so, do you attribute this to a change in reservoir size related to

vater movement? 13 Yes, 3 No, 7 No Answer Fluid removal? 4 Ye3,

6 No, 13 No Answer

Time rate of injection or withdrawal 10 Yes, 1 No, 12 No Answer 

Gas loss? 6:Yes, 7 No', 10 Ho Answer Other cause? Refer to detail sheet . 

Is storage-inventory corrected for such variation? 7 Yes, 12 No,

4 No Answer• 

a If so, briefly describe how Refer to detail sheet 

D Other uses of Pressure Data

i If pressure data is collected primarily for uses other than pressure- 

volume studies, briefly describe source and uses of this data 

Refer to detail sheet

IV Uses of Temperature Data

A Are bottom-hole temperature corrections applied to your inventory calcu

lations? 8 Yes, 15 No’______________________________________ '

1 Hov are these temperatures measured? Refer to detail sheet_____

2 Hov are they applied to your calculations? Refer to detail sheet
*

V Observation of Other Reservoir Fluids

A Are fluids other than gas observed from wells within or surrounding the 

area of the gas reservoir? 1$ Yes, 7 No, 1 No Answer

28-
PSC 039623

a Are these observation •,.rell :pressures used as a subati tute for an 

"average" pressure ao described above? 6 Yes, 11 No, 6 No Ans;.:er 

(1) Is more than one ,,,ell in a field used? 8 Yes, 3 No, 12 No A-:,s-..:e;: 

. (2) If more than one, are t_hey avero.ged 7 5 Yes, 2 No, 16 No Ans,,.,-er 

1~ Ia any combination of the above pressures used 7 6 Yes, 7 No,· 10 No A..1.s•,;er 
. . 

a Describe method used Refer to detail sheet ---------------------
C Is there a noticeable variation in. the preosure-volume relationship of any 

i· 

one of your storage rese_rvoirs from year to year? 18 Yes, 3 No, 2 Miscellaneo'\.:., 

l If so, do you attribute this to a ch?,rige in reservoir size re.lated to 

,.water movement? 13 Yes, 3 No, 7 No Answer 

6 No, 13 No Answer 

Fluid removal? 4 Yes, 

Time rate of injection or withdra"'o.l 10 Yes, 1 No, 12 No Ans·,.,er 

Gas loss? 6 ,Yes, 7 No·, 10 No Ansyer Other cause? R~fer to detail sheet 

2 Ia storage.inventory corrected for such variation? 7 Yes, 12 No, 

I~ No Answer 

a If so, briefly des~ribe how Refer to aetail sheet ------------------
D Other uses of Pressure Data 

1 If pressure data is collected primarily for uses other than pressure-

volume st~dies, briefly describe source and uses of this data ---
Refer to detail sheet 

XV Uses of Temperature Data 

A Are bottom-hole temperature corrections aP,plied to your inventqry calcu

lations? 8 Yes, 15 No ----'---'--------------------------
l Ro'W' are these temperatures measured? Refer to detail sheet ---------------
2 Hov are they applied to your calculations? Refer to detail sheet 

V Observation of Other Reservoir Fluids 

A Are fluids other than gas observed from .rells within or surro'..l.D.ding the 

arer.. of the gas reservoir? 15 Yes, 7 No, 1 No Ans .... er 

PSC 039623 
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1 Would you consider the use of these wells for such a purpose a 

verification procedure? 2 Yes, 10 No, 11 Wo Answer'

An approximate check of inventory? 3 Yes, 8 No, 12 No Answer

2 What fluids are observed? Refer to detail sheet

. ’ 3 How are they observed? Refer to detail sheet

4 Why are they observed? Refer to detail sheet

VI Description of Reservoir

A Glassification of Reservoir Type

X Predominate Feature of Closure ' •

Petrologic or stratigraphic __87 Structural _37 Combination J?0 

2 Predominate Fluids Native to the Reservoir

• ^ Oil an^- Oas 12 Gas 124 Water (Aquifers) 6

. 3 Maximum operating field'pressure . 60 - 3860 psig

4 Minimum operating field pressure 2'0 - 1980 psig

5 Maximum inventory volume at maximum pressure Maximum - 140,000 MMCF.

/' Minimum - 50 MMCF. Total Capacity 1,630,066 MMCF. .

. 6 Number of storage wells Maximum - 345. Minimum - 1. Total Wells - 577?

VXT Source of Pressure Data

A Continuously Recorded Pressures 

X Pressures taken are:

Wellhead 64 . Bottom Hole None Pipe Line 44 

Note: If more than one of the above are taken, please indicate

(W.H., B.H., or P.L.) which one is applicable when 

answering the questions below.

2 Type of pressure instrument

Bourdon Tube 75 Other (Specify) None .

3 Recording location

At pressure source 84 Remote (Telemeter) None

_oo_
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l Would you consider the use of these wells for such a purpose a 

verification procedure? 2 Yes, 10 No, 11 No Answ-e-r · 

· An. approximate check of invento:rJ7 3 Yeo, 8 No, 12 No Answer 

2 What fluids are observed? Refor to detail sheet 

· 3 How are they observed 7 Refer to detail sheet 

·4 Why are they observed? 

'VI Description of Reservoir 

A Classification of Reservoir Type 

Refer to detail sheet 

l Predominate Feature of Closure 

• · Petrologic or stratigraphic 87 Structural 37 Combination 20 

2 Predominate Fluids Native to the Reservoir 

.Oil -3_ Oil and Gas 12 Gas 124 Water (Aquifers) 

. • 3 · },'.ax~ operating field· pressure 

4 Minimum operating field pressure 

60 - 3860 psig ---------
~ o - 1980 psig ---------

6 
/ 

5 Maximum inventory volume at maximum pressure Ma.xilrrum - 140,000 MMCF. 

m 

i. Minimum 50 MMCF. Total Cap:::.city 1,650!000 MMCF. 

6 Number of storage '\,,>ells Maximum - 34 5. Minimum - 1. Total Wells 

Source of Pressure Data 

A Continuously Recorded Pressures 

l Pressures takeil are: 

Wellhead 64 Bottom Hok None Pipe Line 44 

Note: If more than one of the above are ta.ken, please irulicate 

(W.H., B.H., or P.L.) vhich one is applicable vben 

ansvering the questions belov. 

2 Type of pressure instrument 

Bourdon Tube 75 --'-'~-- Other (Specit,;) None . 

3 Recording locatio~ 

At pressure source Remote (Telemeter) None ----84 

PSC 039624 
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SUMM/ OF REPLIES TO 1956 QUESTIONS 1

SUB-COMMITTEE ON INVENTORY VERIFICATION 

UNDERGROUND STORAGE COMMITTEE 

AMERICAN GAS ASSOCIATION

j. CHARACTERISTICS OF "THE STORAGE RESERVOIR (Please indicate number in each category.) 

Number and percent of the 179 fields in each category. ..

A. Type of trap - Dome 36 - 20. ij, Lens 129 - 72.0# Other lk - 7.9^

B. Lithology - Sand 159 - 66.8# Lime 17 - 9.$% 0ther_3_-_l^__

C. History - Produced gas 167 - 93-3# Oil - Both_6^1_3135^_Water Sand 6 - 3.35#

D-' Approximate initial reservoir pressures ______100 - 32OO§__________

II. METHODS OF INVENTORY CONTROL • '• .

Number and percent of the 31 storage operators who replied in the affirmative, 
negative, or failed to reply. (N..R. - No reply.)

A. METERED INVENTORY -

1. Point- of gas measurement

a. At individual wells Yes 9 - 29#; No 3 - 10#; N.R. 19 - 6l#

«

b. By groups of wells Yes 6 - 19$; No b - 13#; N.R. 21 - 68#

c. At central point for entire storage unit Yes 20-6%; No 2-7#;N.R. 9-29#

d. By a combination of a, b or c Yes 9-29#; No 2-7#; N.R. 20-65#

-• Are the basic orifice factors from AGA Measurement Report No. 3 used for

orifice meter measurements? Yes 2$ - 8l#;No 6 - 19#

IT not what factors are used? 6 or 19# use either AGA Measurement Report

#2 or a Meteric Metals Company bulletin.

■ 3* Are the following corrections applied to metered volumes to compensate

for the varying physical characteristics of natural gas?

a. Specific Gravity Yes 30 - 97#;No 1 - 3#

(Corrections are applied ter-volumes metered into and out of storage 
by all operators except two who correct only volumes to storage.)

5.

*•' -
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SUMM.t OF REPLIES TO 1956 QUESTIO. ~ 

SUB-COMMITI'EE ON INVENTORY VERIFICATIO 

UNDERGROUND STORA.GE COMMI'I'TEE 

AMERICAN GAS ASSOC L~TION 

-, 

' 

c~~V.CTERISTI~S CF ·Td.E STORAGE RESERVOIR (Please iniicnte number in each category.) 

Number and percent of the 179 fields in each category. 

A. Type of trap - Dome 36 - 20.l~ Lens 129 - 72 .o:le_ Other 14 - 7.9'/o 

B. Lithology - Sand 159 - &3.~ Lime 17 9 -5~ Other 3 1~ 

c. History - Produced gas 167 - 93:3% Oil_-_ Both 6 - 3-35i Water ~nd 6 - 3.35~ 

D: Approximate initial reservoir pressures _ __ . 1_·0_0_-----'3'-2_0_0#......_ ___ ___ _ 

lI • z,T.1'3000 OF INVENTORY COJTRO L 

Number and percent of the 31 storage operators who replied in the affinI1ative, 
negative, or failed to reply . ( . . R. o reply . ) 

A. METERED INVEr TORY 

l, ~oint of gas measurement 

. a. At individual wells Yes 9 - 29'fi; No 3 - lqi; N,.R. 19 - 61i 

b. By groups of wells ___ Y_e_::;_6_-_1~%.....,_; _N_o_·_4_-_13=~'-';'--_N_.R_ . _2_i_ -_6_~<-----

c. At central point for entire storage unit Yes 20-65i; No 2-7~; .R. 9-2% 

d. By a combination of a, b or c Yes 9-2%; o 2-7~; N.R . 20-65i 

2. Are the basic orifice factors from AGA easurement Report o . 3 used for 

orifice meter measurements? __ Y_e_s_2~5'---_8_l~i~; ____ o_6_-_l~'!fo.j_ _ ____ _ 

If not what factors are used? 6 or 19~ use either AGA Measurement Report 

#2 or a Meteric Metals Company bulletin. 

· 3, Are the following corrections applied to metered volumes to compensate 

for the varying physical characterist · cs of natural gas? 

a, Specific Gra vi ty ___ Y_e_s__;a;..30_-_..:;..9..:.7'1,.L..a..; ____ o_l_---=3.,_'{, _______ _ 

.. -..... 

(Corrections are applied to...,.-ol'..lIIles ~etered into and out of storage 
by all operators except two who correct only volumes to storage.) 

tt; ,. 
.. .. . .. 
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A. PETERED INVENTORY (CONTINUED)

b. TemperatureYes 30 ~ 97$;N.R. 1-3$

c. Supercompressibility Yes 28 - 90$; No 2 - 7$; N-R. 1 - 3$______

d. Please list any other corrections of this type 2. or 7$ of the 31

storage operators made additional corrections.

>4-. Are metered volumes corrected for unmetered gas used by company and pipe 

line leakage? . .

a. Farm Use _____ Yes l6 - 52$; No 7 ~ 23$; N.R. 8 - 26$

b. Heater Use Yes 15 - ^8$; No 9 ~ 29$; N.R. 7 ~ 23$

c. ’ Servicing of wells and pipe lines Yes 26-8^-$; Mo 4-13$; N.R. 1-3$

d. Leakage from gathering lines and veil casing Yes 9-29$; No 16-52$

N.R. 6 - 19$ •

(l) Is leakage determination based on:

! (a) $ of metered volumes: Input:1 Yes 2-7$;- No 3~10$;:N.R. 26-8H$

Withdrawal: Yes 0; ' No 3-10$; N-R- 28 -90$

Both: Yes 1 - 3$; No 2 - 7$; N.R. 28 - 90$

! ■ •
(b) Line pressure and total pipe surface area Yes 5~l6$; No 2-7$

N. R. 2k - 77# •

(c) Other Yes 7 - 23$; ~ No.l - 3$; N.R. 23 - 7H_______ '

e. Other corrections of this type Yes 6 - 19$; N.R. 25 - 1 8$

B. CALCULATED INVENTORY

1. Are volumes in storage verified by reservoir calculations? Yes. 25-81$;No 6-19$

2. How are the following determined? 

a. Reservoir Pressure

(l) Is reservoir pressure observed under shut in conditions?

Yes 25 - 8l$; No 6 - 19$

If so, is field shut in at:\End of injection Yes 28-90$; No 2-7$

N.R. 1 - 3$

End of withdrawal Yes 6 - 19$; N.R. 25 - 8l$

6.
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METERED IN'.JEN'I"'JRY ( CONTil'i7.'.SD) 

b. Tempera ture ___ ..;;Y;,_e_s--=30_----'-9-'7 ..... i"""; ____ N_._R_. __ l_----'3_._i ________ _ 

c. Super?ompressibility Yes 28 ·_ 90%; No 2 - 7~; N.R. 1 - 3i 
d. Please list any other corrections of this type 2 or 7% of the 31 

~ storage operators rrade additional correc~ions . . 
' .f 

' I 
l 
• 

.. 

.. 

l+. Are metered volll!Iles correc-:.ed for u...-u:netered gas use:3. by company and pipe 

I. 

line leakage? .. 

a. Farm Use Yes 16 - 5~:; No 7 - 23i· N.R. 8 - 26~ I , 

b. Heater Use Yes 15 - 481,; "No 9 - 29~; N.R. 7 - 23i 

c: Servicing of wells and pipe lines Yes 26--84%; No 4-13'%; N .R. 1-3~ 

d. Leakage from gathering lines and well casing Yes 9-25}}j; No 16-52% 

N.R. 6 191, 

(1) Is leakage determination based on: 

(a·) % of metered volumes: Input:' Yes 2-7%;. No 3-10'%; :N .R. 26-8~'1., 

(b) 

_. . Withdrawal: Yes O; No 3-101,; N.R. 28 -99% 
Both: Yes 1 - 3~; No 2 - 7%; N.R. 28 - 90% 

Line pressure and total pipe surface area Yes 5-16%; No 2-7~ 

N. R. 24 - 77% 

(c) Other Yes 7 - 23~; No.l - 3~; N.R. 23 - 74i 

e. Other corrections of this type Yes 6 19%; N.R. 25 - 18i 

B, CAICUIA TED INVENTORY 

1. Are volumes in storage verified by reservoir cs.lculations? Yes. 25-81%;No 6-19~ 

2. How are the following determined? 

a. Reservoir Pressure 

(1) Is reservoir pressure observed U!lder sh1.1t in conditions? 

If so, :ts field shut in at: ' .. End of injection Yes 28-90%; No 2-7~ 

N.R. 1 - 3~ 

End of withdraw3.l Yes 6 19p; N.R. 25 - 81~ 

6. 
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y CAtfVIATED INVENTORY (CONTINUED)

Both Yes 25 - 8l&; N.R. 6-19^'

Other time Yes 8 - 26& N.R. 23 - 'jhj,;

(2) If shut in pressures are used, vh&t i£ the time allowed for

shut in?_____ - - -__________________ __________

(3) Are pressures taken at the end of the shut in period used?

Yes 28 - 9C£ N.R. 3 - 10#_____________________________

(4) Is reservoir pressure during shut in period taken, continuously?

Continuously Yes 7 - 23$; N.R. 2b - 77^
. ' * r

HourlyYes 1 - 3fc N.R. 30 - 9lj>

■ Daily_Yes 1$ - 48& N.R. l6 - 5^

WeeklyYes 4 - 13#; N.R. 27 - Qlj 

Or otherYes 6 - 1<$; N.R. 23 8l°6

(5) Are pressures weighted or averaged arithmetically? Weighted 8 -

26<f>; Ave. 19 - 6lj; N.R. b - 13#

(6) If weighted average pressures are used, how are they obtained?
*
t

Map b - 13& Other 5 - lffi; N.R. 22 - 71#

(7) Is reservoir pressure observed on shut in observation wells 

during storage operations? Yes 23 - 7b$; No 3 - 10#; N.R. 5 ~ 1 6^

(a) If so, how many wells are used? - - - -

(b) If more than one observation well is used, is average 
pressure used?

Yes 12 - 39& No 2-7j; N.R. 17 - 55# 

Weighted average pressure Yes U-131^; No 1-3jo; N.R. 26-84^

Key observation well pressure Yes 6-19& No 2-7$; N.R. 23-7**$

(c) Is observation well pressure plotted against reservoir volume?

Yes lU - 45#; No 7 - 23#; N.R. 10 - 32&

7.
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J. 
~ :..:v~-. 'l'W INVENTORY ( CO TINUED) 

Both ___ Y_e_s_2....:::5_-_8_1.J.i~;--'N;.;._.R_._6_-_l..c...9i,..__ ______ _ 

. Other time __ Y_e_s_8_-_2_6 ___ 1,-'-;_N_.R_._2--'-3_-_7'-4 ...... "e _____ _ 

(2). If shut in pressures are use~, what is the time allowed for 

shut in? 

(3) Are pressures taken at the end of the shut in period used? 

Yes 28 - 9~ _ .R . .3 - 1~ 

(4) Is reservoir pressure during shut in period taken, continuously? 

Continuously Yes 7 - 23%; N.R. 24 - 77% 

Hourly Yes 1 3~; N.R. 30 97% 

Daily Yes 15 - 481,; N.R. 16 521, 

Weekly Yes 4 13i; N.R. 27 - 87"e 

Or other Yes 6 19~; N.R . 25 ._ 81% 

(5) Are pressures weighted or averaged arithmetically? Weighted 8 -

26%; Ave . 19 - 61i; N.R . 4 - 13% 

(6) If weighted average pressures are used, how are they obtained? . ... 
Map 4 - 13%; Other 5 - 16~; N.R . 22 - 71% 

(7) Is r eservoir pressure observed. on st.·.1t in observation wells 

during storage operations? Yes 23 - 74%; o 3 - 19'.fo; .R. 5 - 16'fo 

(a ) I f so, how many wells are used? ----- ---------
(b) If more than cne observation. well is used , is average 

pressure used? 
Yes 12 - 3%; No 2 - 7%; N.R. 17 - 55~ . . . 

Weighted average press~~e Yes 4-13%; _o 1-3%; .R. 26-84~ 

Key observation well pressure Yes 6-1%; o 2-7~· .R. 23-74% 

( c ) I s observation well pressure plotted against rese rvoir volt!!D::? 
., 
Yes 14 - 45%; ~Yo 7 - 23~; · 1 .R. 10 - 32% 

7. 
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, CALCUUTSD INVENTORY (L.-iTINUED)

t
If so, is it plotted through several yearly cycles?

Yes 10-32#; -N.R. 21 - 6%. Single cycle Yes l-3fc N.R. 30-97*^

' • Other Yes 1 - 3#; N.R. 30-97$

b. Reservoir Temperatures ' •

(1) Are reservoir temperatures used for volume calculations?

Yes 9 -• 29$; H.R. 19 - 6l$ ________________________________

' * .(2) How are reservoir temperatures determined?

• ________ B5B 6 - 19$; Other 4 - 13$; N.R. 21 - 69$

(3) Are weighted averages or arithmetically-averaged temperatures

used? Weighted 0; Ave- 6 - 19$; H.R. 25 - 8l$______

(4) If weighted average temperatures are used, how are they

averaged?None used .______________________________________________ ______

3, ' Are calculated volumes in storage corrected for supercompressibility?

' ' Yes 13 - 42$; No 13 - 42$'; N.R. 3 - 16$

If so, are supercompressibility factors based upon reservoir temperatures?

I' Yes 10 - 32$; No 2 - 7$; N.R. 19"- 61$

■4. Bo you find the pressure volume relationship of your storage reservoir 

to be reasonably constant?_____ Yes 27 - 87$; No 1 - 3$; N.R. 3 - 10$

a. During field shut in period? Yes 21 - 63$; N.R. 10 -32$

b. During operations?Yes 1$ - 48$; No 2 - 7$; N.R. 14 - 45$

5* In the reservoirs with which you work, would'an abrupt change in this 

relationship under either 4a or 4b above indicate a loss of gas?

' ______ Yes 18 - 58$; Ho 6 - 19$; N.R. 7 - 23# 

6. Do you consider reservoir pressure data, when used in conjunction with

past reservoir performance, tc be a reliable check on current metered volumes? 

'_Yes 2$ - 8l$; No 4 - 13#; N.R. 2 - 7$

8.
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l •· . C-', ~cu IA'l'ED INVENTORY ( Lv.-i'rIN!JED) 

If so, is it plotted thro~gh several yearly cycles? 

Yes 10-32£1,;-i'I.R. 21 - 68i. Single cycle Yes l-3q;; I'i.R. 30-971' 

· Other Yes 1 3%; N.R. 30-97% 

b. Reservoir Temperatures 

(1) Are reservoir temperaturea us2d ~or volu.me calculations? 

Yes 9 - 29~; N.R. 19 - 61~ 

( 2·) How ar~ reservoir tempere. tures -ietez:-,nined.? 

BffB 6 - 191,; Other 4 - 13%; N.R. 21 - 63% 

( 3) Are weighted av~rages or ari thmetica~ly ·averaged temperatures 

used? Weighted O; Ave. 6 - 19%; N.R. 25 - 81'% 

(4) If weighted average temperatures are used, ho~ are they 

averaged? Nor,.e used . -------~---------------------. . 
3, - Are calculated volumes in stor~ge corrected for supercompres~ibility? 

Yes 13 - 42%; No 13 - 42i; N.R. 5 - 16% 

If so, are supercompressibility factors basei upcn reservoir temperatures? 

Yes 10 - 32i; No 2 - 7'%; N .R. 19'" - 61% 

·4. Do ·you find the pressure volume relationship of ;1our s~orage reservoir 

to b~ reasonably constant ? ___ Y_e_s_2_7.;__-_8_7"'"'~'-'''-. _!_Jo_l_---=3"-'-%......;;_N_._R_.-=3=----1_0%-'-e---~-

a, During field shut in period? Yes 21 - 6&j,; N.R. 10 -321, 

b. During operations i ___ Y_e __ s_l"""5_-_4_8_,._rf-=-; _N_o_2_-_7,_,_%......;;_N_._R_._1_4_-_4-'· 5'--'1, _____ _ 

5° In the reservoirs with which yo•J. work, would· a!l abrupt chari.ge in this 

relationship under either 4a or 4b above indicate a loss of gas? 

Yes 18 - 5~; No 6 - 1%; ·N.R. 7 23% 

6. Do you consider reservoir pressi.lre data, wheR used in conjunction with 

past reservoir perfonrance, tc be a reliable check on current metered volt;.mes? 

Yes 25 - 81:l,; No 4 - 131,; N .R. 2 - 7c/, 

8. 
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? CALCUIATED INVENTORY (CONTINUED)

7. Do you consider changing reservoir pore volume due to -water Ingress or 

egress? Yes 11 - 3-5%; No 1? - 5%\ N.R. 3 - 10# 

r0 vqu FEEL THAT PRESENT METHODS OF INVENTORY CONTROL ARE SATISFACTORY?

Yes 19 - 6ljg Qualified Yes S - \&fl- No 5 - l6#; N.R. 2 - 7j>

?*YVvSE LIST, ANY VERIFICATION PROBLEMS WHICH YOU FEEL TEAT THIS SUB-COMMITTEE SHOULD 

IN’/ESTIQATE Problems were suggested by S - 26^ *

I?i YOUR OPINION, WOULD A "STANDARD PROCEDURE" FOR INVENTORY VERIFICATION BE 

YliZFICIAL TO THE INDUSTRY AS A WHOLE? ; Yes 20 - 6$£; No 6-19#; N.R. 5-l6# '

DID YOU RECEIVE A COPY OF THE MATERIAL GATHERED BY THIS SUB-COMMITTEE IN 1935?
• ’ I

Yes 15-48#; No 13-42#; N.R. 3-10# IE NOT, WOULD YOU LIKE A'COPY? Yes 13-42#

»

This material was sent to those requesting it.

Problems suggested for .investigation by this sub-committee.

1. Investigate by tests in laboratory and field; volume of gas leakage to 
;atmosphere through welded sfeel pipe and various types of fittings and
valves (Bring up-to-date Bureau of Mines Bulletin #265 written in 1928).

2. (a) Low and erratic permeability reservoirs.
(b) Reservoirs containing fluctuating water, altering their effective size.

3. Change in capacity due to water removed,, errors in measurement due to 
lack of correction for temperature, gravity, etc. in early years.

4. (a) Better method of calculating line losses in storage field lines also,
(b) A workable method of adjusting pressure-volume relationships for changes

due to migration.
Same

6. Problem of obtaining weighted average pressures.
7‘ In cases of apparent gas loss - method of calculating actual gas loss 

and change of reservoir volume.
8- Time extension required for equalized prsssures when shut-in period is 

limited.

9-
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CA LCUlA TED !N'.,rENTORY ( CON:l'IJ\/1.,'"ED) 

7. Do you_ consider c~ang~ng reservoir pore volume due to water ingress or 

egress? Yes l.l - 35-f-; No 17 - 551,; iLR. 3 - lg% 

•• f ....... !O ~CitJ FEEL TBAT PRESEli':I' HC:·rH0!).S OF" lNVE?ff0RY C0~H'R0L .A.RB SATISFACTORY? 

Yes 19 - 61~; Q~Jalified Jes 5 - ·16i; No 5 - 161,; N .R. 2 - 7% 

r;. ?!.E'd\SS LIST ANY vrnrr·:;:c:AT:0~ FF.0Bi.Z)l,.!S i·lrr.:IC:E YC:J FEEL TF'.,AT TRIS SUB-COMMITI'EE SHOULD 

~i'f.::STIGATE Problems wi:re .3uggested by S - 26% * 

·,•. !:'l YOUR OPINION, W0UIJ) A "ST.A.1O{.I.P.D FR0CE!>v-P.E" FOR :i:.l'iVENTORY VERIFICATION BE 

?:::;luICIAL TO THE INDUSTRY AS A T,,,7H0LE? - Yes 20 - 65%; no 6-19%; N.R. 5-16~· 

'.'!. · !:JD YOU RECEIVE A COPY OF TFIB M.!\:I'ER!AL GATHERED B"i THIS SUB-C0MMI'ITEE nr 1955? 

Yes 15-48%; No 13-42%; N.R. 3-1(},b 
. . 

IF NOT, WOTJLD YOU LIKE A COPY? Yes 13-42~ 

This material was sent to those requesting it. 

, P:-obler:is suggested for {nvestigation by this sub-committee. 

L .Investigate by tests in laboratory and field., volume of gas leakage to 
:atmosphere through welded s~eel pipe and various types of fittings and 
valves (Bring up-to-date Eureau of Mines. B-:.ilJ.etin #265 wri tter2 in 1928). 

2. (a) Low and erratic permeability reservoirs. 
(b) Reservoirs containing fluctuating water{ altering their effective size. 

~- Change in capacity due to water removed, errors in meas~rement due to 
la.ck of correction for temperature, gravity, etc. in early years. 

4. (a) Better metho1 of calculating line lesses in storage field lines also, 
·(b) A ~orkable metho1 of adjustir.g pressur~-volUl!!e relationships for changes 

due to migration. 
5. Same 
6. hoblem of obtaining weighted average pressures. 
1- In ~ases of apparent gas loss - metho::l .of calc•.u.a ting actual gas loss 

and change of reservoir volume. 
8. Tiree extensio:i required for eq;.1a.1ize::l pressures when shut-in period is 

limited. 

9. 
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. There are periods during the spring and fall of the 
year when market requirements will balance very 
closely the pipeline supply of gas. During these ; 
periods the storage fields can be shut in one or more j. 
at a lime. With each well shut in, deadweight-gauge ! 
pressures can be taken on all of the individual wells j 
daily or every other day for a period of from 7 to 15 ! 
days. This will allow sufficient time for a substantial 
pressure equalization between wells and for removal 
of most of the pressure-drawdown gradient set up 
during production from the wells. Taking pressures i 
daii_y on all of the wells should make possible the ! 
charting of underground gas migration within the i
reservoir during the shut-in period.. j

i. I

Inventory of Stored Gas—Shut-in Period for
Pressure Observation
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. There are periods during the spring and faU of the 
year when market requirements will balance '·very 
closely the pipeline supply of gas. During these 
periods the storage fields can be shut in one or more 
at a -time. With each well shut in, deadweight-gauge 
pressures can be taken on all of the individual wells 
daily or every otbei: day for a period of from 7 to I 5 
days. This will allow sufficient time for a substantial 
pr~ssure equalization between wells and for removal 
of· most of the pressure-dra~vdown gradient set up 
during production from the well~. Taking pressures 
daily on all of the wells should make possible the 
charting of underground gas migration within the 
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There are periods during the spring and fall of the 
year when market requirements will balance very 
closely the pipeline supply of gas. During these 
periods the storage fields can be shut in one or more ; 
at a time. With each well shut in, deadweight-gauge ] 
pressures can be taken on all of the individual wells j 
daily_or every other day for a period of from 7 to 15 : 
days. This will allow' sufficient time for a substantial 
pressure equalization between wells and for removal 
of most _ jrf _th e pressure-drawdown gradient set up 
during production1 from the wells. Taking pressures 1 
daily on all of the wells should make possible the j 
charting of underground gas migration writhin the j
reservoir during the shut-in period.. ;

i

Inventory of Stored Gas—Shut-in Period for
Pressure Observation
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Inventory of Stored Gas-Shut-in Period for 
Pressure Observation 

There are periods durjng the spring and fall of the 
year when market requirements "ill balance ·very 
closely the pi°peline supply of gas. Durin~e 
J:?eriods the ~ge fi~Jds can be shut in one or nwE. 
at n time. With each well shut in, deadw~igfr@!!!@ 
pressures can be taken on all of the individual wells 

daily or every other d_ay for a period of ·fr·~-i'.i;"Ttc;T5 
day;: Trus will allow sufficie~:C time for a substantial 
P!~~~~qµ_~li~;ition. b~iE.]~iifi'a.Ii,Cfor removal 
of most of the .wessure-dr.awdO\\'D· gradient set up 
g_uring production' froin the wells.· Taking pressures 
daily on all of the wells shouTd make possible the 
charting of underground gas migration within the 
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682 / Handbook of Natural Gas Engineering

Fig. 18-16. Field A, pressure vs. volume 

from discovery to dote.

Cycling around Discovery Pressure

Referring again to Fig. 18-16, it becomes desirable 
over a period of several years of storage operations 
to prevent this curve from shifting either to the left 
or to the right. A curve shifting to the left means 
smaller reservoir volume and water movement into 
the edge or bottom of the reservoir. As soon as this 
water reaches any of the wells it causes a reduced field 
deliverability. A curve shifting to the right means 
larger reservoir volume and movement of gas into the 
underlying water reservoir. This will require larger 
volumes of cushion gas to maintain the minimum or 
base storage pressure. Cycling around discovery 
pressure, so that the average field pressure for the

year or cycle is at or close to the field-discovery pres
sure, should keep the curve of Fig. 18-16 retracing 
itself from cycle to cycle.

In some instances it may be desirable to maintain 
field pressures above field-discovery pressure pur
posely, in order to enlarge the size of the reservoir 
and, thereby, its storage capacity. Good structural 
control must be achieved all around the field, and the 
spill point must be known to be well below the original 
water level, before this procedure should be attempted.

Field Deliverability

Storage-field deliverability is generally taken as a 
summation of individual-well deliverability for all
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Fig. 18-16. Field A, pressure vs. volume 

from discovery to dote. 
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Cycling around Discovery Pressure 

Referring again to Fig. 18-16, it becomes desirable 
ovP.r a period of several years of storage operations 
to prevent this curve from shifting either to the left 
or to the right. A curve shifting to the left means 
smaller reservoir volume and water movement into 
the edge or bottom of the reservoir. As soon as this 
water reaches any of the wells it causes a reduced field 
deliverability. A curve shifting to the right means 
larger reservoir volume and movement of gas into the 
underlying water reservoir. This will require larger 
volumes of cushion gas to maintain the minimum or 
base storage pressure. Cycling around discovery 
pre sure, so that the average .field pressure for the 

year or cycle is at or close to the field-discovery pre -
sure, should keep the curve of Fig. 18-16 retracing 
it elf from cycle to cycle. 

In some instances it may be desirable to maintain 
field pressures above field-discovery pressure pur
pose] , in order to enlarge the size of the reser.-oir 
and, thereby, its storage capacity. Good structural 
control must be achieved all around the field, and the 
spill point must be known to be well below the origin::il 
water level, before this procedure should be attempted. 

Field Deliverobility 

Storage-field delivernbility is generally taken as :i 

summation of individual-well deliverability for all 
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Underground Storage of Natural Gas 10/23

rguraent for storage alone, sands containing oil or indige- 
i gas capable of being produced in paying quantities may 

<cepted from the contract.
>ecific items included with the storage rights may deal 
i migratory gas from other reservoirs and evacuation and 
osal of water, both residual and migratory, from the 
rvoir strata. Permission may also be granted for the 
blishment and expiration of all necessary equipment, 
sing, and accesses to and from the reservoir and surface

lities. -
lore detailed points are then considered. In such details, 
grantee agrees to pay for drilling wells, to be penalized 
failure to perform the contract in a stipulated time, and 
he method and time of these payments. The grantee also 
•rves the rights to all personal property he uses and to 
ermine the size of the reservoir at any time. The grantor 
ees to meet all taxes, liens, and mortgages against the 
perty, to keep the title clear, and to notify the grantee of 
r change in ownership. The activities of the grantee may 
restricted regarding location of wells and depth of pipe,
1 he shall be responsible for damages to growing crops or 
nages resulting from actionable negligence. In return, 
grantor may not do anything which will harm the reservoir 

the grantee’s equipment. Arrangements are also made for 
at ownership of the lands and extension of coverage of the

eement. . .
Laws pertaining to the principle of eminent domain lor 
rural gas storage have been adopted (up to 1955) in Ken- 
•ky, Michigan, Illinois, Kansas, Oklahoma, West Virginia 
d Pennsylvania. In the other states, acquiring contracts is 
en a matter of patient and lengthy negotiation.

ACTIVATING A STORAGE FIELD
Preliminary step3 include a detailed geological and engi- 
ering survey of the reservoir, since the preliminary study

mentioned previously was sufficient only to ascertain the 
advisability of acquiring the field for storage purposes. All 
structure maps should then be rechecked and brought up to 
date If at all possible, formation thickness or isopach maps 
should be constructed, and the general thickness of the reser
voir should be determined. The positions of the ‘‘pay sec
tions in the reservoir rock should be located. The relative 
merits of permeability, local capacities, and well performance 
can often be worked out from these studies. Several methods 
are available for estimating well capacities and gas reserves.

Reconditioning

Steps should be taken to establish that the reservior is free 
from physical defects thru which gas might be lost. For active 
wells, it is often advisable to pull the tubing or casing, clean 
the well thoroughly, and shoot, acidize, or hydraulically frac
ture’ the formation in order to increase its deliverability. 
New tubing and casing should then be installed and packed 
or cemented so that the wells will withstand design pressure. 
Abandoned wells inadequately plugged for storage operations 
should be either cleaned out for use as storage wells, or re

plugged to prevent leakage. .
It is important to know the exact position of the effective 

porous parts of the formations constituting the reservoir 
section. Therefore, it is advisable to obtain electric logs— m 
old fields preferably a gamma ray log—and also a tempera

ture survey.

PRESSURE AND VOLUME OBSERVATION

In a closed reservoir there is usually a fairly consistent rela
tionship between a unit of gas pumped in and the correspond
ing rise in the reservoir pressure throughout the range of 
storage operation. However, this relationship does not always 
remain constant, because it is affected by such vanables as

NET CUMULATIVE *TOAmGC% BILLiONt Of CUBIC FEET

10-17 Pressure-volume relationships for the La Goleta gas storage field. 1946-1954
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mentioned pre\.;ously was sufficient only to ascertain the 

advisability of acquiring the field for storage purposes. All 

structure maps should then be rechecked and brought up t-0 

date. If at all possible, formation thickness or isopach maps 

should be constructed, and the general thickness of the reser

voir should be determined. The positions of the "pay" sec

tions in the reservoir rock should be located. The relative 

merits of permeability, local capacities, and well performance 
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from physical defects thru which gas might be lost. F ~r ac tive 
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10/24 Storage of Gas

permeability, porosity, presence of connate water, and 
formation thickness. Also, since each well in a field is usually 
equipped with a pressure gage instead of an individual meter, 
pressure measurements are averaged and used to obtain 

/ total volume.
Figure 10-17 shows the pressure-volume relationship for 

the La Goleta (Calif.) gas storage field. Both yearly variations 
and variations between injection and withdrawal are clearly 
seen. “Capillary control” may be the factor which causes the 
variation that results in a curved line in such plotting.4 This 
theory states that these curves are portions of true parabolas.

VOLUME IN STORAGE AND DELIVERABILITY

"With a given volume of gas in storage, the deliverability 
from a field varies with the size and number of wells in it 
and with the pressure against which the wells must feed. When 
the field has been completely activated with all the wells, 
lines, stations, and other equipment installed, it is possible 
to determine how much daily delivery can be expected from 
the field when it contains various volumes. Several schemes 
are used to show the relationship between volume and 
deliverability, but one of the simpler methods is to plot 
deliverability against the volume in storage (Fig. 10-18).

VOLUME OF GAS IN STORAGE, BILLION CUBIC FEET 

Fig. 10-18 Example of daily deliverability estimate for a gas 
storage field.

Figure 10-18 assumes fairly uniform operating conditions 
in a rather low permeability reservoir. For example, if the 
wells were feeding against a consistently high line pressure 
and if it then became necessary to lower this line pressure, 
the position of the curve on the graph would change to reflect 
this new operating condition. It is also assumed in the graph 
that the field will have a fairly continuous usage. If it should 
be decided later to use the field only under peak conditions, 
then because of the “heading up” of wells and for other rea
sons, the field would produce at a higher rate—with a given 
volume of gas in the reservoir—than is reflected by the 
graph. It is therefore essential to know the specific operating 
expectations before reasonable accuracy can be obtained in 
determining deliverability with a given volume in storage.

FLOW OF STORAGE GAS THRU THE STORAGE 
AREA

Flow of storage gas from injection wells to other outlying 
producing or dormant wells in the storage areas can be 
determined by various methods.*

These methods include:

a. Recording changes in gas pressure on the wells before 
and during injection.

b. Adding helium7 or other tracers to the injection gas and 
testing for these tracers at outlying wells.

c. Analyzing the gas at outlying wells for heating value and 
specific gravity* at regular intervals during injection, pro
vided the injection gas is different from the native gas in 
these characteristics.

During nine years’ experience with this last method, a 
company that determined whether migration was occurring 
to over 400 wells pointed out that an increase in reservoir 
pressure may not indicate migration, and that migration may 
occur with no increase in reservoir pressure. Usually, with an 
injection pressure of 1400 psi, gas will not flow more than one 
mile underground, but instances of gas flowing as far as 
8360 ft have been found.

STORAGE OF NATURAL GAS IN AQUIFERS, SALT 
CAVITIES, AND MINED CAVERNS

A typical water aquifer used to store natural gas by dis
placement of water is shown in Fig. 10-19; Herscher Dome 
south of Chicago in the Galesville sand is about 100 ft thick, 
about 1750 ft below ground surface, 18.5 per cent porous, 
covers about 6000 acres, and is capable of holding 150 billion 
cu ft of gas. Eighteen billion cubic feet were stored between
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Fig. 10-19 A water aquifer storage area in the Galesville sand 
near Chicago, and the vent gas gathering system.
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permeo.bility, porosity, presence of connate water, and 
formation thickness. Also, since each well in a field is usually 
equipped with a pressure gage instead of an individual meter, 
pressure measurements are aYeraged and used to obtain 
total volume. 

Figure 10-l'i shows the pressure-volume relationship for 
the La Goleta (Calif.) gas storage field. Both yearly variations 
and variations between injection and withd rawal are clearly 
seen. "Capillary control" may be the factor which causes the 
variation that results in a curved line in such plotting.• This 
theory states that these curves are portions of true parabolas. 

VOLUME IN STORAGE AND DELIVERABILITY 

With a given volume of gas in storage, the deliverability 
from a field varies '1ith the size and number of wells in it 
and rnth the pressure against which the wells must feed. When 
the field has been completely activated with all the wel.ls, 
lines, stations, and other equipment installed, it is possible 
to determine how much daily delivery can be expected from 
the field when it contains various volumes. Several schemes 
are used to show the relationship bet\\"een Yolume and 
deliverability, but one of the simpler methods is to plot 
deliverability against the volume in storage (Fig. 10-18). 
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Fig. 10-18 Exam.pie of daily deliverabili ty estimate for a gas 
storage field. 

Figure 10-18 assumes fairly uniform operating conditions 
in a rather low permeability reservoir. For example, if the 
wells were feeding against a consistently hlgh line pressure 
and if it then became necessary to lower this line pressure, 
the position of the curve on the graph would change to reflect 
this new operating condition. It is also assumed in the graph 
that the field will have a fairly continuous usage. If it should 
be decided later t-o use the field only under peak conditions, 
then because of the "beading up" of wells and for other rea
sons, the field would produce at a higher ra~with a given 
volume of gas in the reservoir-than is reflected by the 
graph. It is therefore essential to know the specific operating 
expectations before reasonable accuracy can be obtained in 
determining deli,·erability with a given volume in storage. 

FLOW OF STORAGE GAS THRU THE STORAGE 
AREA 

Flol\· of storage gas from iojectioo wells to other outlying 
producing or dorman wells in the storage areas can be 
determined by various methods.' 

These methods include: 

a . Recording changes in gas pressure on the wells before 
and during in jection . 

b. Adding helium7 or other tracers to the injection gas and 
testing for these tracers at outlying wel.ls. 

c. Analyzing the gas at outlying wells for beating value and 
specific gravity6 at regular int.e'rvals during injection, pro
vided the injection gas is different from the native gas in 
these characteristics. 

D uring nine years' experience with this last method, a 
company that determined whether migration was occurring 
to OYer 400 wells pointed out that an increase in reservoir 
pressure may not indicate migration, and that migration may 
occur with no increase in reservoir pressure. Usually, with an 
injection pressure of 1400 psi, gas will not flow more than one 
mile underground, but instances of gas flowing as far as 
8360 ft have been found . 

STORAGE OF NATURAL GAS IN AQUIFERS, SALT 
CAVITIES~ AND MINED CAVERNS 

A typical water aquifer used to store natural gas by dis
placement of water is shown in Fig. 10-19; Herscher Dome 
south of Chica.go in the Galesville sand is about 100 ft thick, 
about 1750 ft below ground surface, 1 .5 per cent porous, 
covers about 6000 acres, and is capable of holding 150 billion 
cu ft of gas. Eighteen billion cubic feet were stored between 

Fig. 10-19 A water aquifer storage area In the Galesville sand 
near Chicago, and the vent gas gathering system. 
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B. and C. Storage Operation Plan

CIG's storage operation plan for the forthcoming heating 

season is to withdraw the maximum amount of working gas inventory from 
each of the four storage fields on its system under all weather conditions, 
including Cases I, II, and III described in II A. above.

CIG has adopted this storage operation plan in order to prevent 
gas migration and to protect the integrity of each reservoir. Using the 
pound-day concept of reservoir maintenance and safety, CIG's Proration 
and Storage Department has determined that the total working inventory 
should be withdrawn from each field during each heating season. Under 

the pound-day concept, the number of pound—days of overpressure must be 

balanced by an equal number of pound—days of underpressure during each 

injection-withdrawal cycle.

Since maximum withdrawal i-ri.ll occur under all weather conditions, 
no curves matching withdrawals from storage with various temperatures 
have been provided.

In order to protect the firm end-use requirements on CIG's 
system, however, under the most extreme recorded weather conditions, the 

daily operation of the storage fields is controlled throughout the 

heating season by the use of guideline curves. These guideline curves 

are established prior to the beginning of each heating season and are 
predicated on two weather conditions: (1) the actual weather experienced
during the 1961-1962 heating season, the coldest heating season on . 
record during the past thirty years, and (2) normal weather conditions 
through January, followed by the coldest February and coldest March on 

record. In general, the guideline curves established under these two 

weather conditions protect CIG's firm requirements customers from early 
winter withdrawals that could jeopardize CIG's ability ot meet firm 

requirements at the end of the heating season. More specifically, the 

curves established under the second weather condition protect CIG's firm 

requirements customers from curtailment should the winter be colder than 
normal late in the heating season.

As shown on Page 4 through 6 of Exhibit  (KMO-1), the 
only curtailments that CIG projects under any of the three weather cases 

are curtailments of interruptible direct industrial customers. The 
Operations Department of CIG determines the daily curtailment volumes of 
these interruptible direct industrial sales by referring to the guideline 

curves. If the actual storage inventory falls below the guidelines for 
the coldest year, curtailments and injections are controlled in order to 

raise the storage inventory above the guidelines. If the storage inventory 
is above the guidelines, curtailments may be reduced in order to withdraw 
the entire working inventory from storage during the heating season.

These guidelines and other data regarding storage are determined 
annually and set forth for each heating season in a manual titled "Storage 
Operating Guidelines and Curtailment Procedure." A copy of the manual for 
the heating season of 1978-79 was included last year in CIG's Report filed 

in Docket No. TC79—98. Although the guidelines and data provided in the
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B. and C. Storage Operation Plan 

CIG's storage operation plan for the forthcoming heating 
season is to withdraw the maximum amount of working gas inventory from 
each of the four storage fields on its system under all weather conditions, 
including Cases I, II, and III described in II A. above. 

CIG has adopted this storage operation plan in order to prevent 
gas migration and to protect the integrity of each reservoir. Using the 
pound-day concept of reservoir maintenance and safety, CIG's Proration 
and Storage Department has determined that the total working inventory 
should be withdrawn from each field during each heating season. Under 
the pound-day concept, the number of pound-days of overpressure must be 
balanced by an equal number of pound-days of underpressure during each 
injection-withdrawal cycle. 

Since maximum withdrawal will occur under all weather conditions, 
no curves matching withdrawals from storage with various temperatures 
have been provided. 

In order to protect the firm end-use requirements on CIG's 
system, however, under the most extreme recorded weather conditions, the 
daily operation of the ~torage fields is controlled throughout the 
heating seaso~ by the use of guid~line curves. Thes~ guideline curves 
are established prior to the beginning of each heating season and 2re 
predicated on two weather conditions: (1) the actual weather experiencer. 
during the 1961-1962 heating season, the coldest heating season on . 
record during the past thirty years, and (2) normal weather conditions 
through January, followed by the coldest February and coldest Narch on 
record. In general, the guideline curves established under these two 
weather conditions protect CIG's firm requirements customers from early 
winter withdrawals that could jeopardize CIG's ability ot meet firm 
requirements at the end of the heating season. More specifically, the 
curves established under the second weather condition protect CIG's firm 
requirements customers from curtailment should the winter be colder than 
normal late in the heating season. 

As shown on Page 4 through 6 of Exhibit ___ (K.MO-1), the 
only curtailments that CIG projects under any of the three weather cases 
are curtailments of interruptible direct industrial customers. The 
Operations Department of CIG determines the daily curtailment volumes of 
these interruptible direct industrial sales by referring to the guideline 
curves. If the actual storage inventory falls below the guidelines for 
the coldest year, curtailments and injections are controlled in order to 
raise the storage inventory above the guidelines. If the storage inventory 
is above the guidelines, curtailments may be reduced in order to withdraw 
the entire working inventory from storage during the heating season. 

These guidelines and other data regarding storage are determined 
annually and set forth for each heating season in a manual titled "Storage 
Operating Guidelines and Curtailment Procedure." A copy of the manual for 
the heating season of 1978-79 was included last year in CIG's Report filed 
in Docket No. TC79- 98. Although the guidelines and data provided in the 
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